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ABSTRACT
Garnet-type LLZOs (Li7La3Zr2O12) with cubic crystal structures are solid-state high Li-ion conductive
ceramics, which demand next-generation all-solid-state Li-ion batteries. This garnet group ceramics with
high electrochemical performance has been dramatically investigated in recent decades on different
aspects, including different doping strategies, novel synthesis for powders and sintering techniques for
pellets, defect chemistry modeling, electrochemical performance enhancement, and many others.
This dissertation is centered on fundamentally understanding the composition, structure, thermodynamics
of this garnet-type LLZO with various doping strategies. These topics cover general development of
garnet-type LLZO in recent years (Chapter 1); Basic theoretical knowledge associated with the research
in this dissertation work (Chapter 2); Crystal structure, morphology, and electrochemical properties of
garnet with Li-sites and Zr-site doping strategies Chapter 3&Chapter 4; Thermodynamics stability of Gadoped LLZO and Ta-doped LLZO with DFT modeling and calculation (Chapter 5); Experimental
measurement of drop solution enthalpies of these compositions in high-temperature molten solvent
calorimetry (Chapter 6); and the final Chapter 7 with a study of engineered sintering process of Ta-doped
LLZO with several different sintering oxide aids.
In Chapter 3, the correlation among the composition, structural changes, and morphology of sintered
pellets with the varied doping strategies will be investigated. The electrochemical properties, including
ionic conductivity and electronic conductivity, will be investigated for both Ga and Ta-doped LLZO at
the temperature of 25oC up to 600oC in Chapter 4. In Chapter 5, we have tried to develop a systematic
way to build Ga-substituted, and Ta substituted LLZO with Coulomb energy analysis and DFT geometry
optimization for total energy calculation. The enthalpy of formation from binary oxides of such garnets
with various doping levels was also investigated. In Chapter 6, the high-temperature molten solvent
calorimetry was used to measure the drop solution enthalpies of those doped LLZOs; a further
investigation involving the composition, structure, and thermodynamical stability of these garnets were
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deeply explored. The optimized compositions based on the research of thermodynamic stabilities and
ionic conductivities in Chapters 3-6 were selected for the engineered sintering study in Chapter 7.
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CHAPTER 1. INTRODUCTION
1.1

Motivation

With the high demand for powerful electrical vehicles (EV) and portable devices in human beings' daily
lives, exploring suitable power sources such as Li-ion batteries has become a most urgent task for
academia and industry to improve the current and next generation of batteries. The pressing need for safer
batteries is driving solid-state battery development because this kind of battery can halt dendrites' growth
and prevent physical leaking of the aqueous electrolytes, two significant reasons for explosions. People
are also vigorously pursuing more "perfect" lithium batteries 1–3 with higher energy density, longer
recycling life, lower costs, higher safety, non-pollution production.
All-solid-state (ASSB) batteries went through development from concept to realization and gradually
pursued candidates for the "perfect" batteries. As the most promising electrolyte candidate in the Li-ion
batteries, the solid-state electrolyte has attracted significant attention. The all-solid-state battery is a
battery technology that uses solid-state electrodes and solid-state electrolytes instead of liquid or polymer
electrolytes found in commercial liquid-based-electrolyte lithium-ion batteries. In the recent two decades,
this technology has been widely treated as an alternative to conventional lithium-ion technology with
many advantages such as high-energy-density in unit mass and volume, flammable materials free in-unit
single battery, more expansive choices of electrode materials.
This work is based on the fundamental research of one family of the solid-state lithium conducting
ceramics called "Garnet," which is a promising candidate for the electrolyte of an all-solid-state lithium
battery. This garnet group has attracted researchers' attention due to the many advantages of this material
system, such as possible high ionic conductivity with the proper crystal structure 4, high ionic transference
number (almost unit/1) 5–7, and a wide bandgap(~6 eV)8,9, compactness with high Young’s modules (135162 GPa) 10–12. A better understanding of the composition and the influence on the structural changes,
electrochemical properties, and thermolytic of this garnet-type LLZO would provide more scientific
support to put forward solid-state commercialization electrolyte for Li-ion batteries.
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1.2

Objectives

The overall objective (see Figure 1-1) of this research is to explore both experimentally and
computationally, the relationships between the composition, structure, and their influence on the
electrochemical properties, including ionic conductivity and electrical conductivity, thermodynamic
stability, and sintering behavior of selected composition by engineering the sintering process.
Specifically, these objectives include:
I.

Computational modeling and experimental thermodynamic measurements of garnet type LLZOs
to understand the effects of composition on the thermodynamic stability of garnets.

II.

Investigate the effects of composition on Li-ion and electron-conducting behavior with dopants
in Li-size (Ga-doped LLZO) and Zr-site (Ta-doped LLZO).

III.

Investigate improved sintering processes for garnet-type LLZO by applying solid-state reactive
sintering and sintering aids.

These investigated targets are essential to understand the composition of the garnet LLZO system and its
influence on the structural, electrothermal stability, and electrochemical properties of these metal-doped
LLZO systems. Challenges and opportunities co-exist in exploring the scientific understanding of such
group of solid-state electrolytes:
I.

The configurations of the LLZO and Ga-LLZO system are so complicated (192 atoms in one
structure and > 1028 possibility to build the model with right Li defects) to be made as models for
computational investigation such as density-functional-theory (DFT). A combined study of
coulomb energy analysis with supercell program and DFT total energy calculation can provide a
more systematic way to find the most stable configuration. Furthermore, it is possible to explore
more regarding the structure, defects, thermodynamic and ionic conductivity.

II.

There are limited experimental facilities in the world to measure thermodynamic properties such
as the enthalpy of formation. Fortunately, in Dr. Brinkman's research group, we have high-

2

temperature molten-solvent calorimetry making it feasible to measure such enthalpy formation
garnet-type LLZO powders experimentally. Therefore, in this Ph.D. work, the structural and point
defects, thermodynamic and ionic conductivity can be investigated systematically in
computational modeling and experimental measurement.
III.

It requires a high sintering temperature (~1230oC) and a long sintering duration (>5h) to densify
the garnet pellets, while Li evaporates from the bulk material under such a high-temperature
condition. Sintering aids and new fabrication processes should be explored to densify the pellets
under a lower sintering temperature and a shorter fabrication.

Figure 1-1. Overall targets of this dissertation: investigation of the structural-thermodynamic-electrochemical
properties of doped -LLZO with different doping strategies.
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The first reported Li-ion conductive Li-rich garnets are Li5La3M2O12 (M = Nb, Ta), invented by
Thangadurai et al. in 2003. These groups of compounds have been verified with good chemical stability at
a wide range of operating temperatures. Continued research on doped Li6ALa2M2O12 with A (A = Mg,
Ca, Sr, Ba) in La site and a new garnet group Li7La3C2O12 (C = Zr, Sn) and Li7La3Ta2O13 explore more
compounds with similar even better Li ionic conductivity.
In 2007, Murugan et al. 4 synthesized highly conductive cubic garnet-type Li7La3Zr2O12 by replacing Ta
with Zr. Li7La3Ta2O13 Li-riched garnet can hold 7 Li ions per formula unit. However, in 2009 and 2011,
Awaka et al. 25,26 found two sub-structural space groups in Li7La3Zr2O12. One is a tetragonal structure with
a space group of I41/acd (no. 142); the other is a cubic structure with a space group of Ia3d (no.230) (see
Figure 1-2). In the tetragonal structure, the structure is composed of dodecahedral LaO8 at 8-fold
coordinated position 24c and octahedral ZrO6 at a 6-fold coordinated position 16a. Li atoms occupy three
crystallographic sites in the interstices within the oxygen framework, where Li(1), Li(2), and (Li3) atoms
are located at the tetrahedral 8a site and the distorted octahedral 16f and 32g sites, respectively. In cubic
structure, these Li atoms occupy two types of crystallographic sites in the oxygen framework's interstices,
where Li(1) and Li(2) atoms are located at the tetrahedral 24d site and distorted octahedral 96h site,
respectively. The occupancy for Li(1) and Li(2) site are 0.94(7) and 0.34(9), respectively. Li(2)
octahedral site's low occupancy is crucial in leading the Li-ion conduction in cubic structure enhanced
than in tetragonal structure LLZO.
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CHAPTER 2. THEORIES AND BACKGROUND KNOWLEDGE
2.1

General theories of ionic conduction in Solids

The atomic movement is a universal phenomenon in the solid-state substrate at a temperature above 0K.
This involves the movement of an ion (including cations and anions) from one site to another site through
defects in the crystal lattice of a solid. In a perfect crystal (defect-free), the ions typically occupy the fixed
positions in the crystal lattice and do not move if all sites are occupied by corresponding atoms.
Therefore, a crystal can be treated as “perfect” if no defects existing and with no ion moving at 0K.
However, the conduction of ions can occur when there exist point defects and a certain temperature is
reached. As thermal-activated atoms vibrate around their equilibrium positions, the atoms can hop to the
neighboring site, leaving the original site vacant. This process can be treated as the hopping process of
ions. In addition, this process can also be viewed as the hopping process of corresponding vacancies.
The electrical conductivity, mobility, and charge carrier concentration relations can be described as the
following equation if only the transport of electron holes was taken into consideration:
 = 𝑧ℎ 𝑒𝑢ℎ 𝑝 ( 2.1)

where 𝑧ℎ is the charge number of the electron holes (𝑧ℎ = 1), 𝑒 the electronic charge, 𝑢ℎ is the mobility
and 𝑝 the concentration of electron holes. The conductivity is proportional to the concentration of charge
carriers.
Similarly, in defect-contained crystal-like LLZO, the charge carrier is Li vacancy instead of electron
holes, the ionic conductivity can be correlated to the mobility of Li vacancy, Li vacancy concentration as
below:
𝜎𝐿𝑖 = 𝛴𝑛𝑉𝐿𝑖′ 𝑒𝑢𝑉𝐿𝑖′ ( 2.2)

Here, the terms𝑛𝑉 ′ , e, and 𝑢𝑉 ′ Correspond with the number of Li vacancy, the charge of an electron, and
𝐿𝑖

𝐿𝑖

the mobility of Li vacancy, respectively.
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𝑍′ = |𝑍| × cos(𝜃)
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The ionic conductivity 𝜎𝑖 of a sintered pellet can be determined in terms of the dimension of the materials
and the measured resistance in electrochemical spectra:

𝜎 =

1

·

𝜌

𝑑

( 2.8 )

𝐴

Where 𝜌 (cm) is the resistivity of the material, d(cm) is the length, and A(cm2) is the effective crosssection area for ion transporting between electrolyte and electrode. Depending on which charge carriers
predominate, the solid crystal can be classified as primarily an electronic (n/p type) or ionic conductor. If
the material is a mixed conductor, the total conduction can be expressed as:
𝜎 = 𝜎𝑖𝑜𝑛𝑖𝑐 + 𝜎𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 ( 2.9 )

The transference number of an ionic conductor was then defined as:
𝜏𝑖 =

𝜎𝑖
𝜎

( 2.10 )

If 𝜏𝑖 is closer to 1, which means this conductor is an almost pure ionic conductor without any electronic
conduction properties. In general, a pure ionic conducting behavior is needed for a candidate for solidstate batteries. Otherwise, too much weight of electronic conduction in the materials will lead to the
leakage of internal current in the electrolyte part. This will then lead to the drop of the open voltage since
some electrons will go through the electrolyte part instead of the outer circuit.

2.2

Defect chemistry in garnet-type LLZO

In this chapter, a detailed defects chemistry in the LLZO structure will be discussed. Defects, including
Schottky and Frenkel disorders, are inevitable and sometimes beneficial for materials by enhancing the
ion transport pathways and determining the material's total conductivity. Natural crystals contain many
defects (typically more than 104 per milligram)28, ranging from variable amounts of impurities to missing
or misplaced atoms or ions. These defects occur for three main reasons 29:
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of metal oxides and other crystalline oxides. For instance, the electrons or holes may be trapped at the
defect, and as a result, the transparent materials may become colored

. The composite defects involving

31

defects and trapped electronic defects are termed color centers.
Intrinsic defects process in garnets
A deeper insight into the intrinsic defect properties of this electrolyte material is critical to fully
understand their electrochemical behavior and the diffusion of the constituent ions. In this garnet group,
the formation of these defects could be described as the chemical reaction, in Kroger-Vink notation, listed
below:
𝑋
Li Frenkel: 𝐿𝑖𝐿𝑖
→ 𝑉𝐿𝑖′ + 𝐿𝑖𝑖• ( 2.11)
𝑋
′′′
La Frenkel: 𝐿𝑎𝐿𝑎
→ 𝑉𝐿𝑎
+ 𝐿𝑎𝑖••• ( 2.12)
𝑋
′′′′
Zr Frenkel: 𝑍𝑟𝑍𝑟
→ 𝑉𝑍𝑟
+ 𝑍𝑟𝑖•••• ( 2.13)

O Frenkel: 𝑂𝑜𝑋 → 𝑉𝑜•• + 𝑂𝑖′′ ( 2.14)
𝑋
𝑋
𝑋
Schottky: 7𝐿𝑖𝐿𝑖
+ 3𝐿𝑎𝐿𝑎
+ 2𝑍𝑟𝑍𝑟
+ 12𝑂𝑜𝑋 → 7𝑉𝐿𝑖′ + 3𝐿𝑎𝑖••• + 2𝑍𝑟𝑖•••• + 12𝑉𝑜•• + 𝐿𝑖7 𝐿𝑎3 𝑍𝑟2 𝑂12 ( 2.15)
𝑋
Li2O Schottky: 𝐿𝑖𝐿𝑖
+ 𝑂𝑜𝑋 → 2𝑉𝐿𝑖′ + 𝑉𝑜•• + 𝐿𝑖2 𝑂 ( 2.16)
𝑋
′′′
La2O3 Schottky: 2𝐿𝑎𝐿𝑎
+ 3𝑂𝑜𝑋 → 2𝑉𝐿𝑎
+ 3𝑉𝑜•• + 𝐿𝑎2 𝑂3 ( 2.17)
𝑋
′′′
ZrO2 Schottky: 𝑍𝑟𝑍𝑟
+ 2𝑂𝑜𝑋 → 𝑉𝐿𝑎
+ 2𝑉𝑜•• + 𝑍𝑟𝑂2 ( 2.18)

These defects are inevitably existing in this garnet-type LLZO, playing an essential role in the material's
electrochemical properties. For example, the Li-ion conductivity is proportional to the concentration of Li
defects, and their mobility and lattice diffusion are proportional to the concentration of point defects and
their mobility. Diffusion, in turn, determines solid-state reaction, sintering, oxidation behavior. A
previous DFT modeling work by Moradabadi et al. 32 on Al-doped LLZO shows that Li2O Schottky-like
defect compromising of a cluster of 2 Li+ and O2- vacancies are the second most favorable defect process
under poor O condition. This simulation works 32,33 indicate that the loss of Li2O seems to be a
widespread feature in pristine and cation doped-LLZO. Furthermore, it was shown that the formation of
isolated point defects (𝑉𝐿𝑖′ and 𝐿𝑖𝑖• ) is unfavorable. However, the co-existence of Li Frenkel and 𝑉𝐿𝑖′ +𝐿𝑖𝑖• is
energetically favorable33. The lower formation enthalpy of Li2O (0.87eV / defect) 33 in this material may
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be due to the high Li content in these garnets. Also, the lower Li Frenkel reaction energy indicates that the
loss of Li2O at a high temperature can be facilitated via the formation of a compensating O vacancy.
For this garnet-type LLZO, researchers34,35 have observed a Li extraction phenomenon by releasing O
with the net loss of Li2O, leading to the formation of both Li and oxygen vacancies or even pyrochlore
phase La2Zr2O7. There is an agreement from the researchers that the formation of La2Zr2O7 in the
synthesis of LLZO is due to the lack of Li resources to the high volubility of Li2O in a high-temperature
environment. Structural studies indicated the stabilization of LLZO could be achieved from Li7LaO5 and
La2Zr2O7, and Al-doped LLZO can be obtained from Li7LaO5 and Li6.28Al0.24LaO5 36. These studies
suggest reversible convection between garnets and the pyrochlore phase by correctly controlling the
cation ratios and temperature. A standard method to relieve Li loss is to compensate for the possible loss
by adding an excess of Li2O to maintain a high vapor pressure processing atmosphere. However, the exact
role of dopants and the stabilization pathway is still poorly understood.
3.4 Dopants and formation of Li vacancies
Li vacancy formation is beneficial to stabilizing cubic-structured LLZO, which holds higher ionic
conductivity than the pristine undoped tetragonal LLZO. Higher content of Li vacancies provides more Li
migration/transportation pathways for Li-ions, which finally enhances the materials' ionic conductivity.
Neutron scattering studies prove that the lattice distortion from space group I41/acd for a tetragonal
structure to space group Ia3̅d for cubic structure. This led to Li site occupancy from 1 for tetragonal
LLZO to 0.47 (0.94 for Li1 and 0.35 for Li2) for cubic LLZO26.
However, the tetragonal phase is the dominant structure for undoped LLZO other than cubic structure at
room temperature, which is not expected for high-ionic conducting materials. Recently, Pallella et al. 35
found that the Li content also played a critical role in the phase formation of undoped and Ga-doped
LLZO, which helps to understand the impact of Li content and even the role of dopants on the structural
changes of LLZO. The most common way to create Li vacancies is applying ambivalent dopants to
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partially replacing in Li-sites such as Al3+

, Ga3+ 38–41, partially replacing in La3+ sites with Ce4+, or

32,37

partially replacing in Zr4+ sites with Nb5+ 42,43, Y5+

, Ta5+ 41,45, Ce4+ 46, W47, Ru48. These dopants then lead

44

to the formation of Li vacancies due to the charge balance of the materials. Since there is a difference
between the charge of dopant cations and doping site, dopants' effects may vary, leading to the change of
physical or chemical properties of the host material. The most critical property of these garnets is the
ionic conductivity, which is the critical factor that needs to be considered as the candidate for Li-ion
batteries.
For instance, one Ga3+ can replace one Li atom in the Li site and removing two Li atoms leaving two Li
vacancies, in Kroger-Vink notation, via the following process:
𝐿𝑖2 𝑂

1/2𝐺𝑎2 𝑂3 →

′

Ga..Li + 3/2Oxo + 2𝑉𝐿𝑖 ( 2.19)

If Ta5+ was introduced into the garnet system, and it occupied one Zr-site, one Li vacancy would be
formed in the following process:
𝐿𝑖2 𝑂+𝑍𝑟𝑂2

1/2𝑇𝑎2 𝑂5 →

′

.
𝑇𝑎Zr
+ 5/2Oxo + 𝑉𝐿𝑖 ( 2.20)

Observing the two doping process mentioned above, it is not hard to conclude that with the same doping
level, the strategy of replacing Li with three-plus Ga3+ will lead to forming one more Li vacancy than the
strategy of replacing Zr with five-plus Ta5+. These two strategies are the main strategies that will be
applied and detailly discussed for the thermodynamic properties, electrochemical properties, and sintering
behavior studies in the following chapters 3-7.
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2.3

High-Temperature Molten-Solvent Calorimetry measurement

High-temperature calorimetry 49 at 600-900oC can provide the data for enthalpy changes in the molten
oxide solvent using Calvet-type microcalorimeters. The enthalpy of formation of minerals, enthalpies of
mixing in molten glasses, salts, and solid solution, and enthalpies of phase transformation and orderdisorder reactions can be determined in this high-temperature calorimetry with just a tiny mass (~300mg).
New and highly sensitive calorimetry and better control of the final dissolved state have made solution
and drop solution calorimetry a reliable technique to study the thermodynamics of substrates50,51.

Figure 2-4 Schematic image of high-temperature twin Calvert calorimeter for drop-solution calorimetry in a molten
oxide solvent 52.

The calorimeter in this thesis work is the Setaram AlexSYS 1000 Calorimeter, which specializes in threedimensional Calvert-type calorimetric detectors. This is the recent model developed by Narostky and the
French company Setaram a decent ago. The molten solvent used in this research is sodium molybdate
(3𝑁𝑎2 𝑂 · 4𝑀𝑜𝑂3 ) at 700oC.
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Structural characterization
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Table 3-1 Crystal systems, calculated lattice parameters, and unit cell volumes of Ga-doped LLZO pellets.
Target composition

Crystal system

Lattice
parameter [Å]

Li7.00La3Zr2O12

Tetragonal

Li6.25Ga0.25 La3Zr2O12

Cubic

a=13.145(5)
c=12.638(7)
12.951(6)

Li5.5Ga0.50 La3Zr2O12

Cubic

Li4.75Ga0.75La3Zr2O12
Li4Ga1.00La3Zr2O12

Cubic
Cubic

12.940(8)
12.926(1)
12.916(5)

Unit cell
volume [Å3]
2183.7330

Theoretical
Theoretical
molecular
density
weight (g/mol)
(g/cm3)
839.74
5.0984

2172.5524

851.97

5.2441

2167.1221
2159.7453
2154.9368

864.19

5.3233

876.42
888.64

5.4122
5.4874

Morphology and microstructure of Ga-doped LLZO pellets
The microstructure of sintered pellet Ga-doped LLZO (1150oC 5h) was shown and compared in Figure
3-2. The SEM images of 0.25Ga-doped LLZO pellets present the size of grains for these two samples are
still limited without enough sintering. In addition, no obvious grain boundaries can be found in these two
samples. The grain size increases as the doping level of Ga increases (xGa > 0.25), noticeable
enhancement in the grain size and observation of grain boundaries can be found in the pellet. This
enhancement in morphology indicates that Ga may help the ion diffusion process due to the creation of Li
vacancies. In addition, the existence of La2Zr2O7 could work as a sintering aid59, which helps enhance the
sinterability of host garnet too for sample xGa = 1.0.
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complete result from the difference between the Ta5+ (78pm, coordination number N=6) and the Zr site
(86 pm, N= 6) and the formation of Li vacancies in the lattice crystals.

Figure 3-3. X-ray patterns of Ta-doped LLZO pellets with various doping levels of Ta from 0.25 to 1.0 per formula
unit.
Table 3-2. Crystal systems calculated lattice parameters and unit cell volumes of Ta-doped LLZO pellets.
Sample ID

Lattice
parameter [Å]
12.925(3)

Unit cell
volume [Å3]
2198.2542

Theoretical molecular weight
(g/mol)

Theoretical density
(g/cm3)

0.25Ta

Crystal
system
Cubic

860.440

5.2214

0.5Ta

Cubic

12.876(9)

2135.1592

881.135

0.75Ta
1.0Ta

Cubic
Cubic

12.865(7)
12.776(9)

2129.6022
2085.8234

901.831
922.527

5.3469
5.4724
5.5982

A comparison of the lattice parameters of dopants in Li site with Ga and dopants in Zr site with Ta are
shown in Figure 3-4. Generally, Ta-LLZO crystals hold slightly smaller lattice parameters and volume of
unit cells than Ga doped series. As discussed previously (defect chemistry section), the Li vacancy
concentration in Ga-doped LLZO is twice as Ta-doped LLZO at the same doping level. This indicates
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Micromorphology of Ta-doped LLZO
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Under the same treatment, Ga-doped LLZO shows a little higher relative density (92wt%) than those of
Ta-doped LLZO (~88%). It would be the contributions of some La2Zr2O7 phases working as sintering
aids. The other possible reason would be the higher levels of point defects created in Ga-doped LLZO. As
discussed previously, under the same doping level, Ga created twice Li vacancies for Ta-doped LLZO,
indicating double concentrated Li vacancies existing in Ga-doped LLZO. The higher mobility of these Li
vacancies in the sintering process would benefit the sintering process and enhance the relative density and
morphology of that in Ga-doped LLZO.
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CHAPTER 4. IONIC AND ELECTRONIC CONDUCTING BEHAVIOR IN GARNETS
4.1

Introduction

The physical property of conduction behavior in solid-state inorganics is determined by several factors,
including the inner characteristics of the materials themselves and the external factors in the operating
environment. The inner character of the materials includes factors such as the concentration of effective
carrier ions, available concentration of vacancies for Li-ion transporting, conducting limitations in grain
or grain-boundary regions, and the energy barrier required for Li-ion migration. The external factors
include the operating temperature and environment, such as air, CO27, PO260,61, water62–64.
In this chapter, a detailed examination of the electrical conducting behavior of this garnet-type group of
LLZO based on the different doping strategies is explored. As mentioned in previous chapters (Chapter
2.2), the two common doping strategies include doping in Li sites 38,65–71 and doping in Zirconate sites
. Each substitution will lead to a difference in the formation of Li vacancy, Li-ion transporting

27,72–78

pathway and will exhibit different conducting behaviors in the impedance in AC spectra. Switching the
test and operating temperatures lead to the energy that the materials can get, which impacts the potential
energy for ions overcoming the energy barriers for hopping in the lattices. In this thesis work, a wider
doping range for Ga-doped LLZO and Ta-doped LLZO and a wider operating temperature range will be
investigated to explore the conducting behaviors in such garnet-type Li-ion conducting ceramics.
4.2

Experimental procedure and methods

Sintered pellets are generally required for impedance measurement and electrical conductivity
determination. In this study, sintered pellets of LLZO, Ga-LLZO, and Ta-LLZO were polished as possible
with 600-1000 (Grit of 800, 1200 ) to remove all possible polluted surfaces. The polished, mirror-like,
and flat surface is also beneficial to the electrode pasting process. Both sides of these pellets were pasted
with silver slurry (Heraeus, USA) as the electrically conductive layers. These pasted pellets were
annealed at 700oC for 2 hours in the furnace to remove all the polymeric composition in the silver paste.
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The impedances of the sintered pellets were determined in AC impedance spectra (Solartron® 1260A
Impedance Analyzer, Ametek Scientific Instruments, USA) in the investigated temperature range of 25oC
to 400 oC under normal air atmosphere. The silver-pasted pellets are held in the ceramic sample holder,
which could be working in high-temperature conditions without chemical and physical changes. The
tested pellets were then put into the tube furnace with good protection. Heating program of the tube
furnace was set as 5oC/min for both ramping and cooling down process, and the furnace was dwelling for
2 hours at each test temperature (25oC, 50oC, 75oC, 100oC, 150oC, 200oC, 250oC, 300oC, 450oC, 600oC).
Measurement of the Electrochemical Impedance Spectra (EIS) for each sample pellet was conducted
when the operating temperature of the pellet reaching a steady-stable state since the impedance of the
pellet is highly temperature-sensitive. The temperature directly impacts the energy of the Li-ions and
electrons to transport in the lattice. The impedances of pellets were measured in the frequency range of
0.1Hz to 6.5MHz. Impedance data were collected and treated in Zview (Scribner, USA) for curve fitting
and simulation. The equivalent circuits of the impedance can be drawn in Zview, which gave the
simulated resistance value for conductivity calculation.
The conductivity obtained from the AC impedance measurements can be understood as the total ionic
conductivity of the materials. In order to directly address the electronic conductivity of the materials, a
direct current (DC) resistance measurement has been utilized 79–81. DC measurements were performed
with a Keithley Model 6430 Sub-Femtoampere Remote Source Meter. The DC voltage was varied from
0V to 20V with a sweeping rate of 0.2V/point; the current limit was set to 10-6 A to obtain the expected
significant electrical resistance of the targeted materials with a maximum default value of 10-3 A.
Maintaining the measurements under the steady-state conditions, the elapsed time for each measurement
was set as 5 seconds. The temperature range examined for DC measurements was 25oC to 600oC to make
comparisons with AC measurement data.
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vacancy concentration, and impact of dopants on the Li transporting pathway. The lower conductivity in
undoped LLZO indicates that the tetragonal structure and lack of Li vacancy are not beneficial to the Li
transporting process in these garnet-type LLZO.
Activation energies of Ta-doped LLZOs (0.44 ~0.47eV) in this work agree well with literature
values77,89,90, which are slightly higher than Ga-doped LLZOs (0.30eV to 0.35eV). These might be the
more available Li vacant sites in Ga-doped LLZO for lowering the energy needed for Li-ion hopping
mechanism. However, Ta-doped LLZOs hold higher total ionic conductivities due to the occupied sites of
Ta was not hindering the Li migration pathways.

Figure 4-1. Nyquist plots of 0.5Ta-LLZO sintered pellet in EIS measurement at 23oC.
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rapidly with the decreasing Li content39. That would explain why the activation energy changed for
0.5Ta-LLZO occurred around 150oC, while it is around 300oC for undoped LLZO in this study.

Figure 4-4. Arrhenius plots bulk conductivity of undoped LLZO, 0.5Ga-LLZO and 0.5Ta-doped LLZO measured in
Air at temperatures ranging from 25oC to 600oC.

5.3.5. Effects of dopants and structure on electronic conductivity
DC measurements on mixed ionic and electronic conductors with blocking electrodes typically exhibit
two features: i) in the first stage, ions move under the effects of the electric field until they reach the
blocking electrode and build up a field that opposes subsequent ion motion, ii) the second stage is
characterized by steady-state behavior indicative of exclusively electronic conductivity.
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In general, the U/I curve (Figure 4-5) obeyed Ohm’s law with increased voltage and current. The fitted
∆𝑈

slopes of each line can be interpreted as the resistance values according to Ohms law ( ∆𝐼 ), where ∆𝑈 is
the change of the voltage, ∆𝐼 is the current values measurement under the change of applied voltage.

Figure 4-5. U/I plot of 0.5Ga-LLZO with two-probe DC resistance measurements under temperatures of 45 oC, 110
o
C, 450 oC, and 600 oC.

In addition, resistance values under each sweeping voltage were recorded during the measurement.
Therefore, R/U plots will show the resistance values changes with the change of the sweep voltage. In
each R/U plot, the entire curve can be divided into two stages. The first stage from the initial starting
point to the steady-state region is marked as step 1 in Figure 4-6. This behavior in this stage can be
understood by the behavior of lithium-ion migration in the system under the applied electrical force. In
the steady-state process marked as stage 2 in Figure 4-6, the current can be considered due to electron
migration.
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Finally, the resistance obtained by averaging the resistance values from the steady-state stage of the R/U
plots is presented in Figure 4-6. Both the resistance information and conductivity information are
summarized in Table 4-1. It was observed that the electronic conductivity changed from several MΩs (106
Ω) at room temperature to several Ω at 600oC. Even though the values are relatively high, especially at
elevated temperatures (450 oC and 600 oC), the transference numbers (ratio of ionic conductivity to total
conductivity) indicated that 0.5Ga- LLZO and 0.5Ta-LLZO might be treated as essentially a pure ionic
conductor over the temperature regime examined in this work.

Figure 4-6. R/U curve of 0.5Ga-LLZO at 45oC, 110oC, 450oC, 600oC in the sweeping voltage range of 0-20V. The
resistance values were obtained by statistical analysis of the average values at the steady-state stage.

The entire Li-ion and electron transporting process can be described as what is shown in Figure 4-7. All
the Li-ions and electrons were at their initial positions when the electrical field was initially applied. The
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Considering the requirement of high ionic conductivity (~5x10-3 S/cm) at 450 oC and lower electrical
conductivity, the σi/ σe should be significant, and the ionic transference number should be close to 1.
Table 4-1 summarizes this data for both 0.5Ga-LLZO and 0.5Ta-LLZO samples which indicate that the
lithium ionic conductivity is 3~4 magnitude larger than the electronic conductivities over the entire
temperature range from 25 to 600°C. In addition, the ionic transference numbers under each testing
temperature were close to unity. Similar ionic transference numbers have been reported in research
groups like Sakamoto et al. 79,92. In contrast, the transport number in the present work is higher than the
ionic transference number of 0.75 at 20 oC indicated by Zhang et al. 93. These results match with much
other similar work but with a broader temperature range, suggesting that these garnet-type LLZOs are
both pure ionic conductors in all investigated temperature ranges (25oC to 600oC) for some hightemperature applications. Figure 4-8 displays transference number changes from low to high temperature
as measured in the present work.
Table 4-1. The relationships between ionic conductivity, electrical conductivity, with the consideration of temperature
effects for samples 0.5Ga-LLZO and 0.5Ta-LLZO.
Target

Temperature
(oC)

Ionic
conductivity σi
(S/cm)

Electrical
conductivity σe
(S/cm)

σi / σe

Ionic transference
number τ

0.5Ga-LLZO

25
45
110
450

1.6710-5
3.7610-5
4.0610-4
3.9310-2

NA
2.7110-9
1.5510-7
1.3310-5

NA
13875.17
2617.267
2945.262

NA
0.9999
0.9996
0.9997

7.1310-2
7.6210-5
7.0910-4
2.2610-1
3.0710-1

2.8010-5

2549.909
10346.16
245293.8
21850.24
12512.8

0.9996
0.9999
1.0000
1.0000
0.9999

600
0.5Ta-LLZO

25
100
450
600

7.3310-10
2.8910-9
1.0310-5
2.4510-5
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Figure 4-8. The relationship between ionic transference number and temperature of sample 0.5Ga-LLZO and 0.5TaLLZO.

4.4

Conclusion

The influence of various doping levels of Ga and Ta were used to investigate the ionic conduction and
electronic conduction of the garnet-type material under a normal operating temperature (20oC to 100oC).
Optimized levels for Ga and Ta-doped LLZOs were determined as xGa = 0.5 and xTa = 0.5 from the
Arrhenius plots comparison. The activation energies of Ta-doped LLZO (0.44 eV to 0.52 eV) were found
higher than Ga-doped LLZO and undoped LLZO (0.30~0.37). It has been found that the bulk ionic
conductivities of 0.5Ga-LLZO reach 1.6710-5 Sm/cm and 0.5Ta-LLZO reach 7.62x10-5 S/cm at room
temperature (25oC), which are higher than other compositions in the same series. 0.5Ta-doped LLZO
shows higher total conductivity due to the “blocking effect” free in Ta-LLZO compared with 0.5GaLLZO, even though the relative density of 0.5Ta-LLZO (88%) is slightly lower than 0.5Ga-LLZO
(92.5%).
A further high temperature (100oC to 600oC) was also applied to estimate the conduction behavior of the
selected sample pellets. Ionic transference numbers for 0.5Ga-LLZO and 0.5Ta-LLZO were determined
as one from 25oC to 600oC, which indicates that these two compositions are pure Li-ion conductive
ceramics without low electronic conductivities. These two compositions are also good Li-ion electrolyte
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candidates for all-solid-state Li-ion batteries with high ionic conductivities and low electronic
conductivities. 0.5Ta-LLZO shows a slightly higher transference number under each testing temperature
than that of 0.5Ga-LLZO.
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CHAPTER 5. THERMODYNAMIC STABILITY OF GARNETS IN DFT MODELING
5.1

Introduction

The chemical stabilities of such a group of garnet-type Li-ion electrolytes are critical in materials
synthesis, storage, selection of potential cathode and anode materials. Although the Li-ion conducting
behavior and kinetics of Li-ion diffusion have been investigated widely in LLZO, the thermodynamic
properties of these materials and their relation to lithium ionic conductivity remain unexplored yet.
Detailed understanding of composition, local structural distortion, vacancy distribution on the
thermodynamic stability is still a new field. In this thesis work, these correlations will be mainly explored
in experimental measurements in high-temperature calorimetry and theoretical modeling in density
functional theory (DFT).
In this chapter, the modeling work on these garnet-type LLZOs with a trivalent dopant of Ga3+ in Li
tetrahedral sites and pentavalent cationTa5+ in Zr octahedral sites were conducted and detailly discussed
with the relationship between the enthalpy of formation with lattice distortion, dopant concentration
effects, Li-ion and Li vacancy distribution.
5.2

Experimental procedure

The undoped cubic structured LLZO was firstly built and pre-selected with the interactive coulomb
energy analysis. The basic cubic structure was modified from Wagner’s previous work by changing the
structure from a partially occupied model to a fully occupied model. In this way, the formula of the unit
cell changed from Li56La4Zr12O96 to Li120La4Zr12O96 with a crystalline space group of Ia-3d. The 120 in
the formula represents 120 Li positions, including 24d tetrahedral sites and 96h octahedra sites. 56 Li
atoms in the 120 Li positions will be explored to find a stabilized state by combining the coulomb energy
analysis as the interactive impact for each ion and the comprehensive energy analysis from the DFT
simulation.
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Method. Phys. Rev. B1994, 50, 17953-17979.]as implemented in Vienna ab initio Simulation Package
(VASP 5.4.4) 98. The plane wave basis for kinetic energy cutoff was set to 600 eV, and the sampling of
the Brillouin zone with a Monkhorst-Pack method [Monkhorst, H. J.; Pack, J. D. Special Points for
Brillouin-Zone Integrations. Phys. Rev. B 1976, 13, 5188-5192] was performed using a 2x2x2 k-point
mesh [10.1038/s41598-020-79919-2] for the LLZO system (a supercell containing 1536 atoms). The
parameters of DFT calculations, such as the plane-wave energy cutoff and k-points density, were
consistent used for the Materials Project (Jain, A, Comput.Mater. Sci. 2011). The convergence criteria for
electronic self-consistency and geometry optimization steps for total energy per atom were set 1x10-5 eV
and 5x10-5 eV, respectively. Three-step geometry optimization circles were performed to reach the
converge of results at the final stage. Optimization process included relaxation of lattice parameters and
fractional coordinates, and the final energies of the optimized geometries were recalculated with a fixed
lattice to correct for potential changes in the plane-wave accuracy during the relaxation process.
5.4

System design

In this work, the author firstly applied the supercell program 94 to screen the potential structures by
evaluating the total coulomb energy and subsequently calculating the total energy in DFT to achieve the
most stable configuration of undoped LLZO structures. It was an approach to process the disordered
systems with a command-line interface instead of manipulating each configuration "by hand." The
structure and distribution of Li atoms were continually compared for these potential candidate
configurations.
According to the most recent modeling work on the LLZO systems, three general approaches were
employed to construct the cubic undoped-LLZO with fully occupied Li sites (Li atoms occupy, i.e., 56 Li
sites) as listed below:
(1) Statistical analysis randomly eliminated 64 Li atoms from Li sites, and the crystal lattice was
confirmed in the nuclear magnetic resonance (NMR) 99–101.
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(2) Enumeration approaches screen possible structures by sequentially removing one Li atom to find
the lowest DFT total energy 71.
(3) Combined Coulomb interaction analysis to quickly compare hundreds to thousands of atomic
configurations 32.
Trivalent Ga dopants were used to stabilize the cubic structure of LLZO, which has been linked to
increased ionic conductivity18,66,41 by leading to the distortion of structure from tetragonal to cubic and
creating a certain number of Li vacancies. Ga-LLZO configurations were built based on the composition
of pure cubic undoped LLZO (Li56La24Zr16O96), which was screening-selected from the Coulomb energy
analysis in the supercell program, combined with the total energy analysis in DFT calculation.
Controversially, Awaka et al. suggested an almost 100 site occupancy of tetrahedral Li1 sites and 30%
occupancy of octahedral Li2 sites (corresponds to 15% occupied 96h sites). Later, Meier et al. further
investigated the set of 120 starting configurations, found that only about 60% of the 24 Li1 sites remain
occupied after geometry optimization. In turn, the occupation of the 48 octahedra per unit cell increases to
about 80% (corresponds to about 40% of 96h sites). For example, the structure with the lowest potential
energy has 11 (46%) occupied tetrahedral Li sites and 45 occupied octahedra (corresponds to 47%
occupied 96h sites). The occupancy values in Li1 tetrahedrons and Li2 octahedrons in Meier’s finding
were adopted in the supercell program setting. The supercell program can output the 120 potential
configurations with 30 lowest, 30 highest, and 60 random coulomb energies. These observations agree
well with the experimental and theoretical findings as well 102–104. The 30 configurations with the relative
lowest coulomb energies were simulated for total energies in DFT modeling to screen the most stable
(lowest relative energy) configuration with Li distribution.
Configuration of pristine cubic Li56La24Zr16O96
At room temperature (25oC), undoped LLZO has been experimentally verified as a stable tetragonal
structure25,26. The Li-sites become distorted, and the structure of LLZO become cubic with a space group
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(Ia3̅d) when Ga was introduced25. To effectively model a cubic LLZO structure, wholly occupying all the
crystallographically disordered Li sites is possible but not practical about overall charge balance.
Undoped-LLZO consists of 120 Li sites, including the 24d tetrahedral Li1-sites and [48g/96h] octahedral
Li2-sites shown in Figure 5-1 (a). The 96h Li2-sites consist of two sets of 48g sites that are ~ 0.79 Å
apart. Thus, neighboring 96h Li2-sites cannot be occupied simultaneously due to the strong repulsive
forces, leading to the reduction of Li2 sites from 96h to 48g Li2-site. This procedure reduced the total
possible Li sites from 120 to 72, leading to the space group structure from Ia-3d to I-43d. Since there are
only 56 Li atoms in Li56La24Zr16O96 in the 72 available Li sites in the structure, 16 additional Li atoms
should be removed from the original configuration to configure the structure of cubic LLZO with "static
crystal" models. Which 16 should be removed from the 72 available sites should be determined as the
obstacle since the permutation is as large as 4.11x1015 if the distribution Li atoms were handled by hand.
In addition, the partial occupancy in Li2-sites was the main factor contributing to the Li mobility, which
provided vacant space for Li-ions transporting and finally leads to the enhancement of Li conductivity of
the garnets 66.
Moradabadi et al. 32 studied the defect chemistry of cubic Li6.25Al0.25La3Zr2O12, in which the supercell
program was employed to evaluate the coulomb energy associated with different configurations of a
cubic-structured undoped-LLZO with fully occupied Li sites (i.e., 56 of the 120 Li sites occupied). The
occupancies of tetrahedral Li1-site and octahedral Li2-site were set as 11/24 and 45/96, respectively,
when running in the supercell program. In this case, 120 configurations were created, including 20
configurations with the highest total coulomb energy, 40 configurations with the lowest coulomb energy,
and the 60 rest of configurations were selected randomly for statistical analysis.
The ball-and-stick model of the cubic structure shown in Figure 5-1 (a), with La(III) and Zr(IV) ions
located at Wyckoff positions of 24c and 16a sites105, respectively, forming the LaO8 dodecahedra (green
polyhedral) and ZrO6 octahedra (purple polyhedral) of the garnet framework. A formula unit of
Li120La24Zr16O96 is expected in the overall cell when all the Li sites are wholly occupying (site-occupancy
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Figure 5-4. Li-Li and Li-O interatomic distances statistics for all the investigated configurations #1, #17, #30, and
#120.
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between the two Ga3+ dopants. Based on the energetic similarity between Type I and Type II Gasubstitution, the Ga-doped LLZO with two Ga3+ was constructed as a combination of Type I and Type II
configurations, where Ga substituted in the vacant Li1-site, and Ga substituted for the occupied Li1-site
are separated by 6.07 Å (Figure 5-5). The combination of Li2-site vacancies is outlined in Figure 5-6 (a),
where the combination of the Li2-site vacancies is consistent with the configurations evaluated for the
initial Ga incorporation model (i.e., from Table 1). The lowest energy configuration for
Li50Ga2La24Zr16O96 combines the two lowest energy configurations for Li53GaLa24Zr16O96, where the
vacancies form in the Li2-sites closest to the Ga dopants. The configuration changes before and after DFT
geometry optimization for Li53GaLa24Zr16O96 can be found in Figure 5-6. The following lowest energy
configuration for Li50Ga2La24Zr16O96 is 0.12 eV higher in energy.

(a)

(b)

Figure 5-6. Configurations of Li53GaLa24Zr16O96 (a) before and (b) after DFT geometry optimization. Only the Li and
Ga atoms are shown for clarity. Li+ in Li1-site = orange, Li+ in Li2-site = blue, vacant Li2-site = white with blue
outline, Ga3+ = purple. The figure is reproduced from published work by Changlong et al. CMS 2021(under reviewing)

An additional configuration was explored for Li50Ga2La24Zr16O96 in which the Ga3+ substitution occurred
in neighboring Li1-site vacancies, which are separated by 3.98 Å. The total energy for Li50Ga2La24Zr16O96
with Type I' Ga-substitution is 0.03 eV lower than the minimum Li50Ga2La24Zr16O96 configuration
combination of Type I and Type II Ga-substitution. Considering this insignificant decrease in energy, the
"clustering" of the Ga defects has a negligible impact on the stability of Li50Ga2La24Zr16O96. However, an
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energetic evaluation of Li2-site vacancy configuration reveals that Li-vacancy clustering may
significantly impact the overall stability with increasing Ga-concentration. Working within the limited
system size required for the DFT calculations, Li2-site vacancy configurations were evaluated based on
the sum of the distance between each Li2-site vacancy and the neighboring Ga3+ (Table 5-3). Within the
same configurational subgroup, the configuration with the shortest summed distance between Li2-site
vacancies and nearest Ga3+ yielded the lowest total DFT energy.
Table 5-3. The total distance from Li vacancies to neighboring two Ga and the effluence on the total energy. The table
is reproduced from published work by Changlong et al. CMS 2021(under reviewing)
Subgroup

I’
II’’

III’’

Li2-site vacancies

Summed distance bet.
Li2-site vacancies and
nearest Ga3+ (Å)

Avg distance bet. Li2site vacancies and
nearest Ga3+ (Å)

Energy differential
(eV)

a1, a2, a3, b1, b2

32.97

0.659

0.32

a1, a2, a3, b1, b3
a1, a2, a3, b3, b4
a2, a3, a4, b1, b2
a2, a3, a4, b1, b3
a2, a3, a4, b3, b4

29.57
29.27
33.31
29.91
29.61

0.591
0.585
0.666
0.598
0.592

0.12
minimum
0.26
0.23
0.28

a1, a2, a4, b1, b2

32.20

0.644

0.48

a1, a2, a4, b1, b3

28.80

0.576

0.41

a1, a2, a4, b3, b4

28.50

0.570

0.36

The energy differential from the configurations used to determine the lowest energy Ga-substitution
configuration is further utilized to approximate the impetus for Li+ migration. Using Boltzmann’s
constant, the energy differential can be represented as the lowest temperature necessary to transition from
the lowest energy configuration to a higher energy configuration. For example, a transition from
Li50Ga2La24Zr16O96 with Li2-site vacancies in position a1, a2, a3, b3, and b4 (i.e., the minimum
configuration in (Figure 5-7) to Li50Ga2La24Zr16O96 with Li2-site vacancies in position a1, a2, a3, b3, and
b1 yields an energy differential of 0.12 eV. When normalized to the equivalent experimental formula unit
(Li6.25Ga0.25La3Zr2O12), the energy differential (0.015 eV/f.u.) equates to only 174 K (-99 oC). While this
approximation does not yield the activation energy for a specified Li+ diffusion pathway, the Boltzmann
energy-temperature relationship is a metric to evaluate relative stability for different configurations,
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Li50Ga2La24Zr16O96

Li44Ga4La24Zr16O96
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Li38Ga6La24Zr16O96

Li32Ga8La24Zr16O96

Figure 5-8. Configurations of Li44Ga4La24Zr16O96, Li38Ga6La24Zr16O96, Li32Ga8La24Zr16O96 after DFT geometry
optimization. The left-hand side above each composition label is locating Ga in Li1 sites and Li vacancies in Li2 sites.
The right-hand side above each composition label is the Li-ion distribution after DFT optimization. All the
configuration is the view from the plane norm hkl[00-1], in which Li+ in tetrahedral Li1-site = orange, Li+ in octahedral
Li2-site = blue, vacant octahedral Li2-site = white with blue outline, Ga3+ = purple.

Impact of Ga concentration on lattice parameters
While experimental measurements suggest a tetragonal to isometric cubic phase transition with Ga
concentrations greater than 0.1 66, the DFT geometry optimizations for Ga-doped LLZO remain tetragonal
as evidenced by the preferential elongation of the a and c axes. The changes of the a and c axes lead the
volume of the unit cells of Ga-LLZO (details in Table 5-4) expanding from 2162 Å3 for Li56La24Zr16O96 to
2235 Å3 for Li32Ga8La24Zr16O96. In contrast, the experimental measurements suggest a volume of the unit
cell reduction with increasing Ga concentration (Figure 5-9). However, the bulk nature of powder XRD
leads to an averaging of the atomic configurations, particularly regarding the Li-vacancies and Gadopants, which leads to partial occupancies in the Li sites and isometric symmetry. The static and periodic
nature of the DFT calculations enhances the impact of specific Li-vacancy and Ga-dopant configurations
on the overall crystal structure. For example, for the 30 lowest Coulomb energy structures for undoped
LLZO, the DFT geometry optimization showed an energy range of 1.06 eV and average a, b, and c unit
cell parameters of 13.14 ± 0.07 Å, 13.02 ± 0.1 Å, and 12.86 ± 0.09 Å, where the error is a standard
deviation among the different configurations tested.
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a(comp)

c(comp)

a(exp)

volume (exp)

volume (comp)

13.2

2240

2220

13
2200
12.9
2180

Volume (Å3)

Lattice parameter (Å)

13.1

12.8

2160

12.7

12.6

2140
0

0.2

0.4

0.6

0.8

1

1.2

Ga concentration in Li7-3xGaxLaZr2O12

Figure 5-9. The relations among lattice parameters (a and c) and the volume of the unit cell with increased Ga content
in LLZO. The lattice parameters are connected with dash lines, and the volume of the unit cell is connected with lines.
The table is reproduced from published work by Changlong et al. CMS 2021(under reviewing)
Table 5-4. Experimental and computational lattice parameters for LLZO with increasing Ga concentration. The a, b,
and c parameters are reported for the computational Ga-LLZO systems and are used to assess the degree of isometry
(ā /c), where ā is the average of a and b. The table is reproduced from published work by Changlong et al. CMS
2021(under reviewing)
Experimental 109

Nominal LLZO
composition

a (Å)

c (Å)

Li7La3Zr2O12
Li6.625Ga0.125La3Zr2O12
Li6.25Ga0.25La3Zr2O12
Li5.5Ga0.5La3Zr2O12
Li4.75Ga0.75La3Zr2O12
Li4Ga1La3Zr2O12

13.15
na
12.95
12.94
12.93
12.92

12.64
na
*

Computational (this study)

a/c

V

(Å3)

a (Å)

b (Å)

c (Å)

ā (Å)

ā/c

V (Å3)

1.04
na
1.00
1.00
1.00
1.00

2185.74
na
2171.75
2166.72
2161.70
2156.69

13.09
13.17
13.15
13.14
13.14
13.11

13.09
13.16
13.17
13.22
13.14
13.18

12.62
12.71
12.77
12.82
12.91
12.94

13.18
13.17
13.16
13.18
13.14
13.15

1.04
1.04
1.03
1.03
1.02
1.02

2162.41
2202.86
2211.58
2226.97
2229.04
2235.90

Enthalpy of formation from binary oxides of Ga-LLZOs
The formation enthalpies for all Ga-doped LLZO compositions investigated are exothermic, indicating
their higher thermodynamic stability regarding component oxides (Figure 5-10). The decrease in
thermodynamic stability (i.e., increase in enthalpy of formation) with decreasing Li concentration is
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driven by increased Li vacancies necessary to balance the increased Ga concentration. At low doping
levels, vacancies and dopants are randomly distributed, indicating size mismatch, and strain energy are
contributing factors for the destabilization of the material; at high doping levels, defects association
′

··
involving vacancies and dopants, including 𝑉𝐿𝑖 − 𝐺𝑎𝐿𝑖
become a factor impacting the overall

thermodynamics of the system.
Interestingly, the standard enthalpy of formation of tetragonal LLZO was firstly reported by E.A. Il'ina et
al. as -1.741 eV (-168.0 ± 37.5 kJ/mol) at 298K based on its enthalpy of dissolution aqueous solution of 1
mol•cm-3 HCl 110. The wide range of enthalpy of formation (2.871 eV) for tetragonal LLZO, bracketed by
the two experimental studies, is likely because of the differences in the experimental approach and the
atomic configuration of the specimen studied. While each DFT geometry optimization was performed for
a specific atomic configuration of LLZO replicated infinity using periodic boundary conditions,
calorimetric measurements were taken of the powdered specimen (~ 25 mg) dissolved in an oxide melt
solution. The comparatively bulk nature of the experiments likely yields average properties for a range of
atomic configurations. As noted above, the energetic difference between different configurations of Livacancies in, for example, undoped LLZO (i.e., the baseline configuration for later doped systems) was as
low as 0.02 eV. Using a Boltzman approximation 111 to relate energetic differences between
configurations, one can conservatively assume that for a specimen synthesized at 950 °C, an energy
difference within 0.105 eV for different defect configurations indicates that the synthesized
polycrystalline material contains unit cells with different Li-sublattice configurations.
This computational evaluation focused on the impact of increasing Ga-concentration on the
thermochemical stability of Ga-doped LLZO, where structural and chemical changes governing stability
include the concentration and distribution of Li defects. Other intrinsic defects, such as La point defects,
Zr point defects 112–114, and Li+ Schottky defects (a combination of Li+ and O2- vacancies) 60, are
documented in the literature. A recent computational study reported that the most favorable intrinsic
defects in LLZO are the Li+ Frenkel and Li+ Schottky defects, suggesting O2- vacancy formation enhances
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Li+ vacancy formation 33. The reported enthalpy of formation for both the Li Frenkel and Li Schottky
defect is 1 eV per defect, which is generally lower than other Li-contained material due to the high Li
content in this garnet group LLZO 33. Therefore, the Li defects were the only considered defect type along
with the changes of Ga concentration, aiming to simplify the situation in such a complicated system in
this study.
The linearity of the formation enthalpy with regards to the Ga concentration in LLZO is observed from
the DFT results presented here (R2 = 1.000), as well as calorimetric measurements (R2 = 0.9849) 109. Note
that the undoped LLZO, which is tetragonal rather than isometric, is not included in the linear fits. Slope
analysis of the experimental calorimetry measurements yielded the categorization of two zones reflective
of the different thermodynamic processes governing Ga-incorporation into LLZO 109. In Zone 1 (R2
=0.9996, slope =84.21), the energetics are dominated by the endothermic processes of vacancy formation
and Li loss, while the energetics in Zone 2 (R2 =0.9600, slope = 115.48) are endothermic process but
affected by the exothermic shift involving the processes of vacancy organization (i.e., Li vacancy
′

··
clustering, 𝑉𝐿𝑖 − 𝐺𝑎𝐿𝑖
defect association). However, there is an exothermic shift when xGa is above 0.75,

′

··
this should be extra Li vacancies associated with more 𝐺𝑎𝐿𝑖
centers and even some 𝑉𝐿𝑖 − 𝑉𝑂∙∙ defect

association, which was found in experimental observation. Overall, thermodynamic interplay occurs for a
structural contribution that is a combination of endothermic process (Li loss, Li vacancy formation, lattice
distortion, and random ordering of dopant and vacancies in the lattice) versus the exothermic process
′

′

··
(cluster formation/organization of dopants and vacancies, and defect association of 𝑉𝐿𝑖 − 𝐺𝑎𝐿𝑖
or 𝑉𝐿𝑖 −

𝑉𝑂·· ). This dopant concentration-defect chemistry- structure thermodynamic relations were reported
previously for some other ionic conducting ceramics such as Li-ion conducting perovskite-type
𝐿𝑖3𝑥 𝐿𝑎0.67−𝑥 𝑇𝑖𝑂3 115, yttium-doped barium zirconate 𝐵𝑎1−𝑥 𝑍𝑟0.8 𝑌0.2 𝑂3−𝛿 (BZY) 116, perovskite proton
conductors 𝐿𝑎𝑥 𝑇ℎ1−𝑥 𝑂2−0.5𝑥 117.
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In this DFT calculation results, the slope (6.55) of enthalpy formation from binary oxides indicates Zone
1 is an endothermic process from a tetragonal structure to a cubic structure by adding Ga in LLZO. The
0.25Ga-LLZO is still a tetragonal structure instead of a cubic structure(Table 5-4), contrary to the
powders measured empirically. Therefore, the loss of Li, the settlement of Ga in the Li site, and the
formation of Li vacancy contribute to the endothermic process. In Zone 2, the more positive slope (0.70)
indicates the formation process involves a slightly more endothermic process, which suggests as more Ga
introduced would lead to the destabilization of Ga-LLZO. This is unlike what was observed in
experimental results, and no exothermic shift was observed. Since, as was mentioned previously, Li
defects were the only defect type taken into consideration. Therefore, no extra exothermic contribution
′

from defect association such as 𝑉𝐿𝑖 - 𝑉𝑂∙∙. The formation of Li vacancy and Li vacancy clusters would be a
more endothermic impact on the trend of enthalpy of formation.

Figure 5-10. Enthalpy of formation (in eV) from binary oxide constituents for Ga-doped LLZO from DFT calculations
and calorimetry measurements 109. Two zones are denoted (Zone 1 = blue dotted oval and Zone 2 = red dotted oval)
to facilitate computational and experimental results109. The figure is reproduced from published work by Changlong
et al. CMS 2021(under reviewing)
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The relationship between the volume of the unit cell and the enthalpy of formation from binary oxides of
Ga-LLZO also highlights the two-zone phenomenon (Figure 5-11). As the volume of the unit cells
increased from 2162 Å3 to 2236 Å3 for, the enthalpy of formation changes from -2.18 eV (undoped
LLZO) to -1.83 eV(Li4GaLa3Zr2O12). The two zones in this relation can also be easily found in the figure
before and after xGa = 4, indicating that there is a prominent vacancy cluster that occurs after xGa = 4.
This finding keeps inconsistent with the trend of enthalpy of formation found in stepwise reaction in
Figure 5-11.

Figure 5-11. Enthalpy of formation from binary oxides of Ga-LLZO changes with regards to the volume of the unit
cell (A3). The blue and red ovals identify Zone 1 and Zone 2, respectively. The figure is reproduced from published
work by Changlong et al. CMS 2021(under reviewing)
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Stepwise energetics governing formation and stability of LLZO
While the calculated enthalpy of formation indicates the theoretical thermodynamic stability of Ga-doped
LLZO with regards to the simple oxides, stepwise incorporation reactions are used to evaluate the
sequential energetic impact of Ga-incorporation and Li-vacancy formation in LLZO. For example, the
incorporation energy of a single Ga3+ atom into LLZO via substitution for Li+ accompanied by the
formation of two additional Li+ vacancies are quantified using Reaction (1). The mechanism of
incorporation (Ga3+ substitution for Li+ in a Li tetrahedral site and formation of two Li+-vacancies in the
Li octahedral sites) impacts the total energy of the Ga-LLZO configurations. Thus, the total energy
comparison was used to identify the energetically favorable configuration (i.e., substitution mechanism)
for Li53GaLa24Zr16O96 (
Table 5-2). The reaction energies for Ga-incorporation into LLZO (Reactions 8-12) are based on the
lowest energy configuration for each Ga-doped system. All the Ga-incorporation reactions yield positive
reaction energies, which indicates an energetic driving force (e.g., temperature) is necessary to drive the
Ga-substitution and Li vacancy formation. However, the magnitude of the reaction energy decreases with
increasing Ga concentration until x = 4 (Li44Ga4La24Zr16O96), after which the reaction energy increases
(Figure 5-12). The U-shaped reaction energy with regards to concentration emphasizes the complexity of
the thermodynamic interplay that exists between endothermic (e.g., Li-loss, vacancy formation) and
exothermic (e.g., vacancy ordering and aggregation) processes. In general, the formation of Li defects and
Li defects clustering is an endothermic process considering the effect of increased organization in the
system, particularly for clustering of the same charged defects. Indeed, in this computational
investigation, the clustering of Li+ vacancies include a strongly endothermic component due to the
′

effective negative charge associated with each of the Li vacancy sites (𝑉𝐿𝑖 ). In addition, the negative Li
··
vacancies are balanced the 2+ positive charged 𝑉𝐺𝑎
center in Li tetrahedral sites. Thus, the high

concentration of Li vacancies and possible clustering of those Li vacancies manifests in the
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𝐿𝑖56 𝐿𝑎24 𝑍𝑟16 𝑂96 +

1
2

𝐿𝑖53 𝐺𝑎𝐿𝑎24 𝑍𝑟16 𝑂96 +

𝐺𝑎2 𝑂3 → 𝐿𝑖53 𝐺𝑎𝐿𝑎24 𝑍𝑟16 𝑂96 +
1
2

3
2

𝐺𝑎2 𝑂3 → 𝐿𝑖50 𝐺𝑎2 𝐿𝑎24 𝑍𝑟16 𝑂96 +

𝐿𝑖2 𝑂
3
2

𝐿𝑖2 𝑂

𝐿𝑖50 𝐺𝑎2 𝐿𝑎24 𝑍𝑟16 𝑂96 + 𝐺𝑎2 𝑂3 → 𝐿𝑖44 𝐺𝑎4 𝐿𝑎24 𝑍𝑟16 𝑂96 + 3𝐿𝑖2 𝑂
𝐿𝑖44 𝐺𝑎4 𝐿𝑎24 𝑍𝑟16 𝑂96 + 𝐺𝑎2 𝑂3 → 𝐿𝑖38 𝐺𝑎6 𝐿𝑎24 𝑍𝑟16 𝑂96 + 3𝐿𝑖2 𝑂
𝐿𝑖38 𝐺𝑎6 𝐿𝑎24 𝑍𝑟16 𝑂96 + 𝐺𝑎2 𝑂3 → 𝐿𝑖32 𝐺𝑎8 𝐿𝑎24 𝑍𝑟16 𝑂96 + 3𝐿𝑖2 𝑂

S
S

S
S
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substitute on the Zr4+ octahedral site. In this section, Ta5+ was selected as the super valent dopant owing
to its comparable ionic radius and the creation of Li vacancies when substituting for Z4+ in the octahedral
sites. The choice for Ta5+ as the dopant for LLZO is based on its particular atomic radii and charge
effects. The benefits brought by Ta5+ would be the creation of Li vacancy and reduce the Li concentration,
leading to the distortion of lattice from tetragonal to cubic and enhance the ionic conductivity. However,
the smaller ionic radii of Ta5+ (0.64 Å) than that of Zr4+ (0.72 Å) in six-coordination will be expected to
shrink the lattice framework, which results in the reduction of Li+ transport channel size.
Similar to Ga-LLZO work, the Ta-doped LLZO work was also based on the basic cubic structure from the
combined investigation of Coulomb energy and DFT total energy analysis. Both Ga and Ta-LLZO
configurations were starting from the same cubic configuration (Figure 5-1b). However, the strategy to
select the Ta doping sites and Ta distribution in the Ta-LLZO structure are different from Ga due to the
Zr coordination environment since Ga and Ta doped in different sites in these garnet structures.
Zr-environment analysis
Zr sites (see Figure 5-13) can be generally categorized as the center, vertex, edge, face, and body. Ta5+
can be put in any of them. Configurations of Ta-doped LLZO were built based on these different types of
Zr locations and combinations for higher Ta concentration models. In general, there are five different
types of Zr in the lattice, including (a) one Zr in the center, (b) three in the vertex locations, (c) three on
the edge of each side, (d) three on the face of the cubic, (c) eight in the body of the lattice. A slight energy
difference may be expected for each Ta replacement in Zr sites due to the difference in the local Ta
environment. The details for these different locations will be explored in the following results and
discussion paragraph.
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Modeling of Li55La24Zr15TaO96
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Model of Li54La24Zr14Ta2O96

Models of 4Ta, 6Ta, and 8Ta-doped LLZO
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we can know that Li's distribution and choices in Zr location may impact the total energy of the structures
and the volume of unit cells. However, these impacts brought by the location change of Ta and the
creation of Li vacancy for the same composition are still minimal. More impacts were created by the
amount of exchange between Ta and Zr and the formation of Li vacancies. Therefore, the high Ta
concentration configuration of Ta-doped LLZO was built a little randomly by selecting the correct
amount exchange of Ta and Zr and forming corresponding Li vacancies. All the total energies and the
volume of unit cells can be found in Table 5-5.
Table 5-5. Composition, Ta doping level, Li vacancy concentration, relative DFT total energy
Composition

xTa/ xLi vacancy

Li55La24Zr15TaO96
Li54La24Zr14Ta2O96
Li52La24Zr12Ta4O96
Li50La24Zr10Ta6O96
Li48La24Zr8Ta8O96

1
2
4
6
8

The volume of the unit cell (Å3)
2198.918
2195.15
2187.166
2183.367
2173.471

Relative total energy(eV)
0.0000
0.8191
2.4540
4.3125
5.9384

Enthalpy of formation from binary oxides for Ta-doped LLZO
As similar to Ga-doped LLZO, enthalpy of formation from binary oxides for all Ta-doped LLZO samples
were investigated respected to Li2O (Fm-3m, mp-1960, mp = materials project), La2O3 (Ia-3, mp-2292),
ZrO2 (P21/c, mp-2858), and Ta2O5 (Orthorhombic,mp-1539317). The energetic relations between binary
oxides and target Ta-doped LLZO compositions are shown in the reaction equations below:
55
2

1

𝐿𝑖2 𝑂 + 12𝐿𝑎2 𝑂3 + 15𝑍𝑟𝑂2 + 𝑇𝑎2 𝑂5 → 𝐿𝑖55 𝐿𝑎24 𝑍𝑟15 𝑇𝑎𝑂96 , E = -18.413 eV (5.8)
2

27𝐿𝑖2 𝑂 + 12𝐿𝑎2 𝑂3 + 14𝑍𝑟𝑂2 + 𝑇𝑎2 𝑂5 → 𝐿𝑖54 𝐿𝑎24 𝑍𝑟14 𝑇𝑎2 𝑂96 , E = -19.573 eV( 5.9)
26𝐿𝑖2 𝑂 + 12𝐿𝑎2 𝑂3 + 12𝑍𝑟𝑂2 + 2𝑇𝑎2 𝑂5 → 𝐿𝑖52 𝐿𝑎24 𝑍𝑟12 𝑇𝑎4 𝑂96 , E = -21.758 eV ( 5.10)
25𝐿𝑖2 𝑂 + 12𝐿𝑎2 𝑂3 + 10𝑍𝑟𝑂2 + 3𝑇𝑎2 𝑂5 → 𝐿𝑖50 𝐿𝑎24 𝑍𝑟10 𝑇𝑎6 𝑂96, E = -23.891 eV ( 5.11)
24𝐿𝑖2 𝑂 + 12𝐿𝑎2 𝑂3 + 8𝑍𝑟𝑂2 + 4𝑇𝑎2 𝑂5 → 𝐿𝑖48 𝐿𝑎24 𝑍𝑟8 𝑇𝑎8 𝑂96, E = -26.733 eV ( 5.12)

With increased Ta in the garnet system from xTa = 1 to xTa =8, the enthalpy of formation from binary
oxides changed from -18.413 eV to -26.733 eV, indicating an exothermic process occurs with the addition
of Ta. In addition, more Ta doping in the structure leads the stability continually increased since the
enthalpy from binary oxides continuously decreased from xTa = 1 to xTa=8. This process involves the
formation of Li vacancies due to charge balance after introducing Ta5+ in Zr4+ octahedral sites. As
previously known, the formation of Li vacancies is an endothermic process (energy required). However,
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the final enthalpy formation of each Ta-doped becomes an exothermic process. This would be the
contribution from lattice distortion due to the exchange between Ta5+ and Zr4+. The mismatch of radii
between the dopant Ta5+ and doping Zr4+ octahedral sites would decrease the enthalpy formation from
binary oxides.
5.6

A comprehensive comparison between the thermodynamic stability in DFT modeling of Ga- and

Ta-doped LLZO.
The difference in thermodynamic aspects of Ga and Ta-doped LLZO was due to the mismatch between
the charge and ionic radii of the two different dopants. Since Ga3+ occupies in Li+ tetrahedral sites and
′

··
form a two-plus charged Ga center (𝐺𝑎𝐿𝑖
), which leads to the formation of two 𝑉𝐿𝑖 Around the Ga center.
·
In Ta-doped LLZO, Ta5+ occupies Zr4+octahedral sites, and for a one plus charge center (𝑇𝑎𝑍𝑟
), which

′

leads to the formation of one 𝑉𝐿𝑖 around Ta. The concentration of Li vacancies due to the addition of Ga
and Ta differs, which continually impacts the entire structures of the crystal lattice. The physical
properties also changed due to the distortion of the crystal lattice. Experimentally, we found that this
shrinkage in lattice structure leading to the destabilization of both Ga and Ta doped LLZOs.
The direct comparison of enthalpy formation from binary oxides changes between the Ga-LLZO and TaLLZO in the same doping level (xM = 0 to 8) were shown in Figure 5-15. It is quite straightforward that
more Ga leads the formation of LLZO into a more endothermic direction (unstable state), while more Ta
leads the formation of LLZO into a more exothermic direction (stable state). It can be noticed that the
enthalpy of formation from binary oxides has a very close relationship with the structure. For Ga-doped
LLZO (see Table 5-6), the unit cell expanded with increased content of Ga. This expansion in the unit cell
volume was due to the replacement of dopant Ga and original occupied Li atoms and the formation of Li
vacancies. The average interatomic distance of Ga-O bond gradually increased from 3.150Å (xGa =1) to
3.210 Å (xGa = 8), and the Ga-Li distance increased from 3.480Å (xGa =1) to 3.548 Å (xGa = 8), leading
the unit cell of volume expands from 2204.443 Å3 (xGa =1) to 2236.081 Å3 (xGa = 8)
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Table 5-6. Various Calculated Interatomic Li-Li, Li-O, Ga-Li, and Ga-O distance d[Å] in composition 𝐿𝑖 563xGaxLa24Zr16O96 (x=1, 2, 4, 6, 8). All data was analyzed based on the most stable configuration (lowest relative total
energy) for each composition.
Composition
Li53GaLa16Zr24O96
Li50Ga2La16Zr24O96
Li44Ga4La16Zr24O96
Li38Ga6La16Zr24O96
Li32Ga8La16Zr24O96

Li-Li
2.925
2.835
2.782
2.829
2.846

Li-O
2.909
3.016
3.016
2.940
2.954

Ga-Li
3.480
3.459
3.523
3.590
3.548

Ga-O
3.150
3.178
3.187
3.206
3.210

Volume of unit cell (Å3)
2204.443
2213.366
2217.121
2229.067
2236.081

For Ta-doped LLZO (see Table 5-7), the unit cell shrinks with increased content of Ta. It was also due to
the replacement of dopant Ta and Zr in the octahedral sites and Li vacancies in the 96h octahedral sites.
The average interatomic distance of Ta-O bonds gradually increased from 2.511 Å (xTa =1) to 2.716 Å
(xTa = 8), and Ta-Li distance increased from 3.196 Å (xTa =1) to 3.279 Å (xTa = 8). However, the
volume of the unit cell for Ta-doped LLZO decreased from 2198.918 Å3 to 2173.471 Å3.

Table 5-7. Various Calculated Interatomic Li-Li, Li-O, Ta-Li, and Ta-O distance d[Å] in composition 𝐿𝑖 56-xLa24Zr16xTaxO96 (x=1, 2, 4, 6, 8). All data was analyzed based on the most stable configuration (lowest relative total energy)
for each composition.
Composition
Li55La24Zr15TaO96
Li54La24Zr14Ta2O96
Li52La24Zr12Ta4O96
Li50La24Zr10Ta6O96
48La24Zr8Ta8O96

Li-Li
2.849
2.929
2.829
2.911
2.861

Li-O
2.994
2.947
3.035
2.995
3.059

Ta-Li
3.196
3.224
3.234
3.232
3.279

Ta-O
2.511
2.578
2.301
2.631
2.716

Volume of unit cell (Å3)
2198.918
2195.150
2187.166
2183.367
2173.471

The volume of unit cell changes regarding the doping level for Ga and Ta doped LLZO shows a different
distribution of Li vacancies, which finally impacted the expansion or shrinkage of the lattice. In Ga′

′

··
··
LLZO, the two-plus charged center 𝐺𝑎𝐿𝑖
and the negative charged 𝑉𝐿𝑖 formed 𝐺𝑎𝐿𝑖
−𝑉𝐿𝑖 associated pairs,

′

′

which shorten the distance between Ga and Li vacancy. However, 𝑉𝐿𝑖 - 𝑉𝐿𝑖 pairs prefer to get apart due to
′

′

the same charge, which leads to the expansion of lattice. The number of 𝑉𝐿𝑖 - 𝑉𝐿𝑖 pairs doubles as the
increased amount of Ga finally lead to the expansion of the lattice of Ga-LLZO. In contrast, there are just
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′

·
·
pairs of 𝑇𝑎𝑍𝑟
-𝑉𝐿𝑖 since 𝑇𝑎𝑍𝑟
distributes sparsely as the original distribution of Zr octahedral sites. This

′

·
attractive force between 𝑇𝑎𝑍𝑟
and 𝑉𝐿𝑖 shorten the distance between one plus charged Ta centers and on

min charged Li vacancies and finally lead the shrinkage of volume of the unit as increased content of Ta
in LLZO.
The enthalpies of formation (Hf_ox) from binary oxide of Ga and Ta-doped LLZO are shown in Figure
5-15. These difference in the trend of Hf_ox keeps tight association with the structure distortion by
introducing dopants in the structure. As discussed above, the volume of the unit cell of Ga-doped LLZO
increased with xGa, which leading the destabilization of Ga-doped LLZOs. In contrast, the volume of the
unit cell of Ta-doped LLZO decreased with xTa, which leading the increased stability of Ta-doped
LLZO. However, both Ga-LLZO and Ta-LLZO from binary oxides are exothermic processes since the
reaction enthalpies are negative.
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(a)

(b)

Figure 5-15． The relationship between the enthalpy of formation and unit cell volume regarding the doping levels
of (a) xGa and (b) xTa.
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A comparison between the trend of formation enthalpies and volume of the unit cell can be found in
Figure 5-16. Two prominent regimes can be found in Ga-doped LLZO due to the “clustering effect” of Li
vacancies, while this clustering effect was not found in the relation between enthalpies of formation and
volume of the unit cell Ta-doped LLZO. It could be easily understood since, in Ga-doped LLZO, the
locations of tetrahedral sites (Li1 sites) are closer, while the locations of Li vacancies are also near due to
··
the existence of two positive charged 𝐺𝑎𝐿𝑖
centers. In Ta-doped LLZO, the Zr octahedral locations are

longer than the neighboring Li tetrahedra sites, the distribution of Li vacancies is more dispersive than
that in Ga-doped LLZO. That would be a reason leading to the endothermic jumps of formation enthalpy
in Ga-doped LLZO due to this Li vacancy “clustering effects.”

Figure 5-16. Formation enthalpies versus volume of the unit cell of Ga-doped LLZO(black squares) and Ta-doped
LLZO(blue squares).
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5.7

Conclusion

In this work, the Coulomb interactions between each atom and DFT geometry optimizations were used to
evaluate the structure and energetics associated with various Li-site atomic configurations for Ga-doped
LLZO (i.e., Li56-3xGaxLa24Zr16O96, where x= 0 to 8). The concentration of Ga in LLZO and the
distribution of Li vacancies play a critical role in the energetic stability of these Ga-LLZO structures. In
general, the overall system is the most stable when the interatomic distances between Ga dopants (i.e.,
′

··
··
··
𝐺𝑎𝐿𝑖
− 𝐺𝑎𝐿𝑖
distances) and between Ga dopants and Li vacancies (i.e., 𝑉𝐿𝑖 − 𝐺𝑎𝐿𝑖
Distances) are

minimized. Thus, defect clustering contributes to an energetical stabilization of the overall system until
the solubility limit is reached. While this work does not quantify the solubility limit of Ga in LLZO, the
DFT structural and energetic analyses were performed considering evidence of secondary phase
formation during the synthesis of Li32Ga8La24Zr16O96 and measured decrease in Li+ conductivity with
increased [Ga] above Li44Ga4La24Zr16O96.
The overall energetics of Ga-doped LLZO indicate contributions from the endothermic processes of
defect formation and the exothermic processes of organization of defect clustering. In particular, the
stepwise Ga-incorporation reaction energies support the identification of two zones from the calorimetric
measurements. For Ga concentrations less than 4, endothermic processes, such as Li loss, dominate the
overall system energetics. For Ga concentrations higher than 4, a more endothermic process of defect
clustering, particularly Li-vacancy clustering, shows an evident influence on the overall system
energetics. That is, Ga-doping in LLZO increases Li conductivity due to the formation of a migration
pathway formed from the increased amount of Li vacancies due to Ga incorporation. However, the
increase in conductivity is limited, with an optimal Ga concentration is around x = 4. Greater
concentrations of Ga begin to block the migration pathway, and the formation of clustering of Li
vacancies causes an increase in the diffusion energetics along the extended migration path. Thus, the
relation among the structure, thermodynamics, and electrochemical properties could be further explored if
more other factors such as oxygen defects are taken into research.
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As for Ta-doped LLZO, the structures of LiLa24Zr16-xTaxO96 were built based on the same cubic basic
structure as Ga. Various doping levels of xTa from x = 0 to 8 were applied with Ta doped in Zr sites of
these Ta-doped LLZO configurations. According to the Zr locations, Ta was designed to replace Zr
cations in the center, vertex, edge, face, and body locations of the cubic lattice structures. DFT modeling
work suggested that the stability of Ta-doped increased with increased levels of xTa with the formation
enthalpies drops from -18.413 eV to -26.733 eV. DFT modeling work on these Ta-doped LLZOs
configurations suggested that the volumes of unit cell drop from 2198.918 Å3 to 2173.471 Å3.
There are some conclusions in common and differences that could be gained from Ga and Ta-doped
LLZO:
•

Both Ga-LLZO and Ta-LLZO show a positive correlation between enthalpies of formation and
the volume of unit cells. That is, the formation enthalpies increase with the increased volume of
the unit cell.

•

DFT modeling showed that the lattice parameters (volumes of the unit cell) increased with the
doping level of Ga, which decreased with doping levels of Ta in garnet-type LLZO. These trends
were also found in the local Ga-O (3.1~3.2 Å)and Ta-O interatomic distance (2.3 Å~2.7 Å)
shown in Table 5-6 & Table 5-7.

•

In Ga-doped LLZO, since the formation of Li vacancies are closer to the center of Ga, clustering
of Li vacancies in octahedral sites was formed. The formation of Li vacancy clusters leads to an
endothermic jump when xGa in composition Li56-3xGaxLa24Zr16O96 is greater than 4 (Figure 5-11
& Figure 5-12). In contrast, this endothermic process was not found in Ta-doped LLZO (Figure
5-16).
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CHAPTER 6. THERMODYNAMIC STABILITY OF GARNETS IN EXPERIMENTAL HIGHTEMPERATURE CALORIMETRY MEASUREMENT
6.1

Introduction

6.2

Experimental procedure

Powder synthesis and phase formation: generally following the sampling procedure as what has been
done in Chapter 3.
Composition analysis: The concentration of cations in each sample was measured using inductively
coupled plasma mass spectrometry (ICP-MS, Thermo X Series II). In brief, ~10 mg of each LLZO
powder was dissolved in ~1 mL of aqua regia. Dissolution was rapid (< 20 min.). These solutions were
then twice diluted into 2% HNO3 to give solutions containing ~2.5 - 100 ng/mL of each component
element (Li, La, Zr, and Ga). Calibration standards were prepared in 2wt% HNO3 by diluting certified
single-element plasma standards (1000 µg/mL, VWR BDH, or Ricoh). The ICP-MS analysis yielded a
limit of detection (LOD) of 0.53(3), 0.084(1), 0.014(1), and 0.021(3) ng/mL for 7Li, 139La, 90Zr, and 69Ga,
respectively. Measured concentrations of each isotope in the LLZO solutions were always ~10-1000
times greater than the reported loss. Each dissolution and analysis was repeated in duplicate, yielding
standard deviations in the calculated mol ratios of less than ~2%. The measured Zr content in each LLZO
product was less than targeted (i.e., Zr fu ≈ 1.75 instead of 2.0). In agreement with the PXRD data, which
provide no evidence of secondary phases within the LLZO products (except for the product with the
highest Ga content, as discussed above), the high precision and reproducibility of the measured Zr
concentrations in individual samples and the similarity in measured Zr content between different LLZO
products suggest that the Zr deficit does not result from secondary, insoluble Zr phases. Oxygen content
was calculated from charge neutrality, assuming the LLZO structures contain only Li+, La3+, Zr4+, Ga3+,
and O2–. The compositions were then normalized to La = 3.00.
Calorimetry: High-temperature oxide melt solution calorimetry measurements were done with a twin
Calvet-type calorimeter (Setaram AlexSys) at 700 °C, which was calibrated with the heat content of
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Figure 6-1. X-ray diffractograms of the Li7-3xGaxLa3Zr2O12 (xGa = 0, 0.26, 0.53, 0.79, 1.14) powder samples.
Reference phases correspond to the standard tetragonal (ICSD 191529) and cubic (ICSD 185540) LLZO structures.
Peaks identified for the secondary phase (La2Zr2O7, *) reference phase ISCD 189341. The figure is reproduced from
published work by Nancy, Changlong, 2021109

The crystal structure and chemical composition analysis of Ga-doped LLZO powder samples by ICP-MS
are shown in Table 6-1. Compositions are stoichiometric within the experimental error with actual cation
content of xGa = 0, 0.26, 0.53, 0.79, 1.14 p.f.u. (per formula unit). These composition results indicate
that the excess of Li carbonate compensates for the loss of Li content in the synthesis process. From these
composition results, the cations are determined in the mass spectra in ICP-MS, in which the oxygen
content was determined by charge neutrality119,120. Li content was linearly decreased with an increased
doping level of Ga. The La/Zr ratios were constant with a change of less than 1.15% until xGa reached
1.14. That is due to the formation of secondary phase La2Zr2O7 in sample xGa= 1.14. Some Zr were
merged into the secondary La2Zr2O7, leading to the reduction of Zr from 1.75 to 1.16 in the host garnets.
The measured Zr deficit is still a curious result, although decreased Zr content relative to target Ga-LLZO
composition has been reported elsewhere. 100,121–123 All reagent oxides (Li2CO3, La2O3, ZrO2, and Ga2O3)
were verified as phase-pure before synthesis. Among them, La2O3 and ZrO2 were also treated at 900oC for
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2 hours, removing possibly contained water in raw oxides. Likewise, no other additional Zr-contained
secondary phases were recognized from the PXRD patterns for all compositions except for that reported
for the high concentration sample (xGa = 1.14). There possibly exists an amorphous Zr phase
undetectable with PXRD; however, composition analysis diametrically disagrees with that possibility.
The consistency of the Zr mole ratios across the samples (except for xGa = 1.14, as discussed above) was
determined from the ICP-MS analyses, indicating that insoluble Zr phases were not responsible for the Zr
deficit. Regardless of the Zr deficit, the trends of ionic conductivity and phase stability versus the function
of Ga content and structure changes remain intact.
Table 6-1. Nominal and ICP-MS compositions. Crystal structure, calculated lattice parameters, and unit cell volumes
of Li7-3xGaxLa3Zr2O12 (x = 0, 0.25, 0.5, 0.75, 1.00). Li-ion conductivity and diffusion coefficients of the as-synthesized
electrolyte powders at room temperature. Table is reproduced from published work by Nancy, Changlong, 2021109
Nominal composition

ICP-MS composition

Crystal structure Lattice
parameter, Å

Unit cell
volume, Å3

Conductivity,
mS/cm

Li7.00La3Zr2O12

Li7.90La3.0Zr1.72O11.89

Tetragonal

2183.7330

6.78x10-4

Diffusion
coefficient,
cm2/s
5.26x10-12

Li6.25Ga0.25 La3Zr2O12
Li5.5Ga0.50 La3Zr2O12
Li4.75Ga0.75La3Zr2O12
Li4Ga1.00La3Zr2O12

Li7.11Ga0.26La3.0Zr1.75O11.94
Li6.12Ga0.53La3.0Zr1.73O11.82
Li5.23Ga0.79La3.0Zr1.75O11.79
Li4.89Ga1.14La3.0Zr1.67O11.98

Cubic
Cubic
Cubic
Cubic

2172.5524
2167.1221
2159.7453
2154.9368

1.65x10-2
5.80x10-2
8.08x10-3
4.68x10-3

1.39x10-10
5.65x10-10
8.78x10-11
4.88x10-11

a=13.145(5)
c=12.638(7)
12.951(6)
12.940(8)
12.926(1)
12.916(5)

As already know in the theoretical background and DFT modeling chapter, there were two Li vacancies101
formed in the octahedron sites due to the incorporation of one Ga3+ in Li tetrahedral sites with a charge
balance88. The mismatch between the radii of the dopant Ga3+ (61pm) and the doping site Li+ (73 pm) in
4-fold coordination tetrahedral, expecting a distortion in the lattice crystal parameters. As shown in Table
6-1. Nominal and ICP-MS compositions. Crystal structure, calculated lattice parameters, and unit cell
volumes of Li7-3xGaxLa3Zr2O12 (x = 0, 0.25, 0.5, 0.75, 1.00). Li-ion conductivity and diffusion coefficients
of the as-synthesized electrolyte powders at room temperature., lattice parameter “a” decreases with
increasing Ga content and changes from xGa = 0.26 LLZO to xGa = 1.14, as 12.9516 > 12.9408 >
12.9261 > 12.9165 (Å). Unit cell volume changes with a lattice parameter, related here to bond length
decrease and lowering of tetragonal distortion to form the cubic structure. The unit cell volumes decrease
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linearly with increasing xGa incorporation into the LLZO structures, corresponding as 2183.7330 >
2172.5524 > 2167.1221 > 2159.7453 > 2154.9368 (Å), as shown in . All crystal structure of the powders
were verified as cubic except for undoped LLZO, with a decreased lattice parameters and unit cell
volume, indicating the mismatch of Ga and Li sites, and the formation of Li vacancies in the structure.
Generally, the total ionic conductivity of Ga-LLZO pellets can reach up to 5.81x10-2mS/cm66 with
conventional fabrication methods and high relative density. Li ionic conductivity in this work was based
on pressed pellets without further sintering at high temperatures to protect the phase composition and
avoid possible surface contamination. These garnets are very sensitive to H2O and CO2, which leads to
the exchange between Li and H in the H2O, and finally formed Li2CO3 on the surface of the sample
pellets. These Li2CO3 may hinder the accuracy of the measurement and analysis results of enthalpies of
formation for all samples. Therefore, in the study, all investigations are based on powder form. The
relative densities of these pellets were in the form of the pressed powders in the range of 65% to 70%
(relative density was estimated in geometric measurement), which were expected with lower ionic
conductivities than those of reported sintered pellets25,67,106. The total ionic conductivity of these
measured powders in the range of 6.78x10-4 Sm/cm for undoped tetragonal LLZO and 5.80x10-2 Sm/cm
for Ga-LLZO with xGa =0.53. This tread is reasonable since the ionic conductivity is correlated to the
ratio between the Li content (specific ions) and amount of Li vacancies(charge carrier), the optimized
level of Li content is between 5.5~6.5106. In this case, the optimized doping level of Ga is 0.53,
corresponding to the Li content of 6.12.
The diffusion coefficient values are shown in Table 6-1. The temperature-dependent Li-ion diffusion
coefficient 𝐷𝜎𝐿𝑖 + was estimated from the measured Li-ion conductivity 𝜎𝐿𝑖 + and the number of charge
carrier ions (𝑁𝑁𝐸 , active Li ions). The general relation between 𝐷𝜎𝐿𝑖 + and 𝜎𝐿𝑖 + can be described by the
Nernst-Einstein relation as Equation 6-1 below124
𝐷𝜎𝐿𝑖+ =

𝜎𝐿𝑖+ 𝐾𝐵 𝑇
𝑁𝑁𝐸 𝑒 2
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(Equation 6-2)

where,

𝐾𝐵 is

the Boltzmann constant (1.38x10-23 J), and e is the electron charge (1.60x10-19 C). NNE is the

number of carrier ions, equals to the Li vacancy concentration. It can be calculated by the relationship of
volumetric mass density (ρ), Avogadro’s number (6.022x1023 mol-1), and Li vacancies per mole formula
unit with regards to the molecular weight (MW) of the sample, as shown in Equation 6-3125.
𝑁𝑁𝐸 =

𝜌∗𝐴∗𝑚𝑜𝑙𝑒𝑠 𝐿𝑖 𝑣𝑎𝑐𝑎𝑛𝑐𝑦 𝑝.𝑓.𝑢.
𝑀𝑊

(Equation 6-4)

The correlations of composition and conductivities and diffusion coefficient among other compositions
can be found in Figure 6-3. The diffusion coefficient of the optimized sample xGa = 0.529 p.f.u. at 25oC
(3.27x10-9 cm2/s) is around three times magnitude higher than that of undoped LLZO (5.62 x10-12 cm2/s).

Figure 6-2. The calculated lattice parameters from refinement (left axis, black triangles) and Li-ion conductivity at
25 ° (right axis, blue dots) of the as-synthesized powders versus Ga content. The figure is reproduced from published
work by Nancy, Changlong, 2021109
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Figure 6-3．Relation of the Li-ion conductivity (left axis, black triangle) and corresponding diffusion coefficient
(right axis, blue dots) of pressed pellets versus Ga content. The figure is reproduced from published work by Nancy,
Changlong, 2021109

The thermodynamic stability of gallium substitution effects in Li7–3xGaxLa3Zr2O12 was investigated by
high-temperature oxide melt solution calorimetry. The measurements were conducted by dropping the
sample pellets in molten sodium molybdate at 700oC. The enthalpies of formation from the binary oxides
(ΔHf, ox) were calculated from the high-temperature drop solution enthalpies (ΔHds) of component binary
oxides (Li2O, La2O3, ZrO2, and Ga2O3) and the samples using appropriate thermochemical cycles listed in
Table 6-2 below.
Table 6-2．Thermochemical cycles used for calculations of the enthalpy of formation from binary oxides for the Li73xGaxLa3Zr2O12 (x = 0, 0.25, 0.50, 0.75, 1.0) samples based on enthalpies of drop solution data measured by drop
solution calorimetry in molten sodium molybdate at 700 °C.
Chemical Reactions

ΔH (kJ/mol)

(1) Li7-3xGaxLa3Zr2O12 (s, 25 °C) → (7-3x)/2 Li2O(sln, 700 °C) + 3/2 La2O3(sln, 700 °C) + x/2 Ga2O3(sln,
700 °C) + 2 ZrO2(sln, 700 °C)
(2) Li2O(s, 25 °C) → Li2O(sln, 700 °C)
(3) La2O3(s, 25 °C) → La2O3(sln, 700 °C)
(4) Ga2O3(s, 25 °C) → Ga2O3(sln, 700 °C)
(5) ZrO2(s, 25 °C) → ZrO2(sln, 700 °C)

∆H1 = ∆Hds(Li7-3xGaxLa3Zr2O12)
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∆H2 = -90.3 ± 2.5[1]
∆H3 = -225.10 ± 3.16 [2]
∆H4 = 130.16 ± 1.66[3]
∆H5 = 19.5 ± 0.9[4]

Enthalpy of formation from the oxides to form (Li(7-3x)GaxLa3Zr2O12):
(7-3x)/2 Li2O(s, 25 °C) + 3/2 La2O3(s, 25 °C) + x/2 Ga2O3(s, 25 °C) + 2 ZrO2(s, 25 °C) → Li7-3xGaxLa3Zr2O12 (s, 25 °C)
∆Hf,ox(Li(7-3x)La3GaxZr2O12) = (7-3x)/2 ∆H2 + 3/2 ∆H3 + x/2 ∆H4 + 2 ∆H5 - ∆H1
Enthalpies of drop solution are the mean of several experiments reported as two standard deviations of the average
value.
Table 6-3. Reported thermodynamic values for the Li7-3xGaxLa3Zr2O12 (x = 0, 0.26, 0.53, 0.77, 1.14) solid solution
oxides, including the mean enthalpy of drop solution (ΔH ds) as well as the formation enthalpy (ΔHf, ox) of sample
formation from component binary oxides at 25 °C. Gibbs free energy of phase transformation (∆G°f,ox-pt) is the reaction
energy change involving only solid oxides in equilibrium-driven oxide exchange between undoped LLZO and Gadoped LLZO.
Composition

ΔHds (kJ/mol)

ΔHf,ox (kJ/mol)

Li7.90La3.0Zr1.72O11.89
Li7.11Ga0.259La3.0Zr1.75O11.94
Li6.12Ga0.529La3.0Zr1.73O11.82
Li5.23Ga0.787La3.0Zr1.75O11.79
Li4.89Ga1.140La3.0Zr1.67O11.98

-215.09 ± 2.64 (8)
-184.53 ± 6.66 (8)
-144.66 ± 4.10 (8)
-130.20 ± 7.36 (8)
-105.67 ± 3.87 (8)

-445.71 ± 5.17
-423.16 ± 8.01
-401.15 ± 6.05
-358.24 ± 8.60
-329.30 ± 5.84

ΔHds values are the measured average from experiments with a two-standard deviation uncertainty in the measurement
mean. A correction was applied to sample Ga x = 1.14 to account for the 7 % La 2Zr2O7 pyrochlore secondary phase
using its enthalpy of formation, ΔHf, ox = -107.3 ± 5.1 kJ/mol 57.

Figure 6-4. Enthalpies of drop solution (left axis, black triangle) and formation from the oxides at 25 °C (right axis,
blue dot) versus Ga content, x, in Li7–3xGaxLa3Zr2O12 solid solutions. The experimental uncertainties are indicated.
The figure is reproduced from published work by Nancy, Changlong, 2021 109
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Experimental results of drop solution enthalpies of Li7-3xGaxLa3Zr2O12 (x = 0, 0.26, 0.53, 0.77, 1.14), and
enthalpies of formation from binary oxides are reported in Table 6-2 and Figure 6-4. In which the
enthalpies of drop solution are quite positively correlated with the increased Ga content (decreased Li
content), which indicated a reduced stability with increased Ga doping levels. In addition, the formation
enthalpies from binary oxides are strongly exothermic since all values of ΔHf, ox was quite negative. These
negative ΔHf, ox values indicate that their stability increased with regards to their component binary
oxides. However, with the increasing doping levels of Ga and decreasing Li content in the garnet lattice
structures, the ΔHf, ox values became less negative (in a destabilization direction), indicating an
endothermic shift occurred for higher Ga content. The trend of enthalpies towards the destabilization state
with positive enthalpies may be contributed by the lattice distortion. The distortion of lattice should be the
mismatch between dopants Ga and doped Li tetrahedron sites. The formation of Li vacancies also made
contributions to this lattice distortion. It was reported previously that the atomic radii mismatch between
the dopant and doping sites and strain energy of the lattice produce a positive enthalpy in solid electrolyte
structures115. The negative correlation between the unit cell volume and enthalpy of formation from
binary oxides was found in Figure 6-5, indicating that except for more Ga leading to the shrinkage of the
unit cell and a destabilization of the crystal. The upshifting enthalpy versus a constant change in unit cell
volume with increased Ga content impacts Ga substitution on Ga-LLZO stability. This is related to
additional structural changes than the effects of mismatch of atomic radius substitution between dopants
doping sites and strain energetics. These further structural changes would be the energy associated
··
process such as the defects clusters (𝑉𝐿𝑖′ - 𝑉𝐿𝑖′ ) and defects association (opposite charge defects: 𝑉𝐿𝑖′ - 𝐺𝑎𝐿𝑖

and 𝑉𝐿𝑖′ - 𝑉𝑜·· ).
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Figure 6-5. Volume changes of unit cells (left axis, triangle) and enthalpy of formation from binary oxide) of the assynthesized powders of Li7-3xGaxLa3Zr2O12 versus Ga content. The figure is reproduced from published work by
Nancy, Changlong, 2021109

The relationship between the ionic conductivity and enthalpy of formation relations versus doping levels
of Ga in garnet-LLZO is shown in Figure 6-5, exploring a possible mechanism associated with defect
association and defect clustering in the enthalpy of formation changes in the process. As previously
studied, trivalent dopants such as Ga3+ and Al3+ in Li sites may hinder the Li-ion migration during the
conducting process since they occupied the Li-ion pathway. In addition, these dopants are generally
heavier than Li-ion, which are supposed to move slowly than Li. Such a phenomenon was also called the
“blocking effects” of these trivalent dopants in garnet-type LLZO. In addition, the creation of more Li
vacancies in the structure may longer the Li-migration pathway if 𝑉𝐿𝑖′ - 𝑉𝐿𝑖′ clusters were formed, leading
to some Li-ions staying in the original location if there are not enough energies (heat) provided for the Liion hopping to the following available vacant site. In other words, a proper Li content and Li vacancy
ratio are required for the optimized ionic conductivity of such materials. The two factors mentioned above
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led to increased ionic conductivity when xGa reached 0.53 p.f.u., then drops when Ga content was
exceeding 0.53 p.f.u.
The trend of enthalpy of formation from binary oxides in Figure 6-6 almost linearly increased with an
increased doping level of xGa. The endothermic shift occurs the positive enthalpy contribution from Ga
substitution in Li tetrahedron sites, the formation of Li vacancies and lattice distortion, and
random/ordering distribution of dopants and Li vacancies. In a dilute range of xGa in LLZO (xGa < 0.53),
defect formation and lattice changed from tetragonal structure to cubic structure contribute most in the
endothermic shift from ΔHf, ox = -445.71 ± 5.17 kJ/mol to -401.15 ± 6.05 kJ/mol, which are pretty linearly
correlated with a correlation coefficient R2 = 0.9999, which was higher than the entire data range R2=
9810. The endothermic jump with a more significant endothermic gain shift with a formation enthalpy of
43 kJ/mol between xGa = 0.53 to 0.79 occurs, corresponding with a dramatic drop of ionic conductivity is
supposed due to the formation of “blocking effect” and large clusters of 𝑉𝐿𝑖′ - 𝑉𝐿𝑖′ due to such as a high
doping level of Ga. This significant endothermic gain was not in the same direction when xGa reached
1.14. Instead, the gap of formation enthalpy between xGa = 0.79 and 1.14 is just 29 kJ/mol, indicating a
more exothermic structural change occurs at this composition which competes with the formation of
defects at high Ga concentrated compositions. These exothermic structural changes would be attributed to
··
the defects associations as such 𝑉𝐿𝑖′ - 𝐺𝑎𝐿𝑖
and 𝑉𝐿𝑖′ - 𝑉𝑜·· .
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content is lower than detection limits in PXRD (generally <1~5wt%, <1vol%). If, in this case, the
modified compositions of Ta-doped LLZOs were listed in Table 6-4 too. By this modification, the Li
content was much close to our target composition. In this section, the modified compositions of Ta-doped
LLZOs were adopted in the following thermodynamic studies. The thermochemical cycles to determine
the formation enthalpy of Ta-doped LLZOs and all related measured results are shown in
Table 6-5 and Table 6-6. The increased doping levels of Ta lead to the destabilization of Ta-doped
LLZOs from component binary oxides from -439.73 ± 10.23 kJ/mol to -273.17 ± 5.49 kJ/mol as similar
as what observed for Ga-doped LLZO.
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Figure 6-7. X-ray diffraction patterns of the Li7-xLa3Zr2TaxO12 (xTa = 0, 0.215, 0.504, 0.787, 1.140) powder samples.
Reference phases correspond to cubic (ICSD 185540) LLZO cubic structures

Table 6-4. Nominal and ICP-MS compositions, modified composition, and unit cell volumes of Li7-xLa3Zr2-xTaxO12
(x = 0, 0.215, 0.504, 0.795, 1.00).
Sample
ID

xTa

LLZO
0.25Ta
0.5Ta
0.75Ta
1.0Ta

0
0.22
0.50
0.80
0.96

Nominal Composition
Li7La3.0Zr2.0O12
Li6.75La3Ta0.25Zr1.75O12
Li6.5La3Ta0.5Zr1.5O12
Li6.25La3Ta0.75Zr1.25O12
Li6La3Ta1.0Zr1.0O12

Composition (ICP-MS)

Modified Composition
(removing Li2O)

Li7.90La3.0Zr1.72O11.89
Li7.90La3.00Ta0.22Zr1.69O12.33
Li6.79La3.00Ta0.50Zr1.52O12.19
Li8.00La3.00Ta0.80Zr1.27O13.01
Li7.50La3.00Ta1.03Zr0.96O12.74

Li7.90La3.0Zr1.72O11.89
Li7.25 La3.00Zr1.69Ta0.22O12
Li6.41La3.00Zr1.52Ta0.50O12
Li5.97La3.00Zr1.27Ta0.80O12
Li6.02La3.00Ta1.03Zr0.96O12

Unit cell
volume
(Å3)
2183.7330
2186.9261
2156.0381
2147.4379
2141.7005

Table 6-5. Thermochemical cycles to compute the enthalpy of formation from the oxides and the elements of Li7xLa3Zr2-xTaxO12 (x = 0, 0.25, 0.50, 0.75, 1.00) samples measured by drop solution calorimetry in molten sodium
molybdate at 700 °C.
Enthalpy of formation from dense oxides (∆Hf, ox) and elements (∆Hf, el) at 25 °C
Mean ΔHds (kJ/mol)
Li7-xLa3Zr2-xTaxO12 (s, 25 °C) → (7-x)/2 Li2O (sln, 700 °C) + 3/2 La2O3 (sln, 700 °C) + x/2
∆H1 = ΔHds(Li7-xLa3Zr2-xTaxO12)
Ta2O5 (sln, 700 °C) + (2-x) ZrO2 (sln, 700 °C)
Li2O (s, 25 °C) → Li2O (sln, 700 °C)
∆H2 = ΔHds(Li2O)
La2O3 (s, 25 °C) → La2O3 (sln, 700 °C)

∆H3 = ΔHds(La2O3)

Ta2O5 (s, 25 °C) → Ta2O5 (sln, 700 °C)

∆H4 = ΔHds(Ta2O5)

ZrO2 (s, 25 °C) → ZrO2 (sln, 700 °C)

∆H5 = ΔHds(ZrO2)

Enthalpy of formation from the oxides to form (Li7-xLa3Zr2-xTaxO12):
(7-x)/2 Li2O (s, 25 °C) + 3/2 La2O3 (s, 25 °C) + x/2 Ta2O5 (s, 25 °C) + (2-x) ZrO2 (s, 25 °C) → Li7-xLa3Zr2-xTaxO12 (s, 25 °C)
∆H6 = ∆Hf,ox = 0.5(7-x)∆H2 + 0.5∆H3 + (x/2)∆H4 + (2-x)∆H5 - ∆H1
Calculation of ∆Hf,el (25 °C)
(7-x) Li (s, 25 °C) + 3 La (s, 25 °C) + x Ta (s, 25 °C) + (2-x) Zr (s, 25 °C) + 6 O2 (g, 25 °C) → Li7-xLa3Zr2-xTaxO12(s, 25 °C)
∆Hf, el11 = ∆Hf, ox6 + (7-x)/2 ∆Hf, el7 + 3/2 ∆Hf, el8 + x/2 ∆Hf, el9 + (2-x) ∆Hf, el10

Notations: s = solid; sln = solution; the uncertainties were calculated as two standard deviations of the mean.
Table 6-6. Measured mean drop solution ΔHds for the Li7-xLa3Zr2-xTaxO12 solid solution samples and summary of
formation enthalpies from oxides and elements.
Composition of samples and oxide components
Li7.90La3.0Zr1.72O11.89
Li7.90La3.0Zr1.72O11.89
Li7.25 La3.00Zr1.69Ta0.22O12
Li6.41La3.00Zr1.52Ta0.50O12
Li5.97La3.00Zr1.27Ta0.80O12
Li2O
La2O3
Ta2O5
ZrO2

Mean ΔHds (kJ/mol)
-215.09 ± 2.64 (8)
-182.59 ± 5.34 (8)
-190.40 ± 5.17 (8)
-277.78 ± 16.98 (8)
-271.09 ± 8.95 (8)
-90.30 ± 2.50126
-225.10 ± 3.16128
90.41 ± 2.54129
19.50 ± 0.9057
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ΔHf,ox (kJ/mol)†
-445.71 ± 6.08
-439.73 ± 10.23
-384.32 ± 9.58
-268.81 ± 2.62
-273.17 ± 5.49
-----

ΔHf,el (kJ/mol)‡
-7390.99 ± 6.73
-7382.73 ± 20.86
-7171.12 ± 19.14
-6432.31 ± 11.45
-6873.61 ± 13.96
-597.9 ± 2.1127
-1793.7 ± NR
-2045.9 ± 1127
-1100.6 ± 1.7127

Both the drop solution enthalpies and formation enthalpy from binary oxides are negative,
indicating the exothermic process of the Ta-doped LLZO dropped in molten solvent and stable
compared with the component oxides (Li2O, La2O3, ZrO2, Ta2O5). However, the drop solution
enthalpy of Ta-doped LLZO was increased from undoped LLZO firstly, then negatively
correlated with the increased content of Ta (decreased Li content), indicating increased stability
of Ta doping levels. In addition, both enthalpies of formation from binary oxides and elements
(Figure 6-9) suggest that more Ta leading to formation enthalpies of the compositions becomes
less negative. This trend of the formation enthalpy versus doping levels of Ta is quite similar to
Ga-doped LLZOs. The endothermic shift is also related to the formation of Li defects and the
distortion of the structure.

Figure 6-8. Enthalpies of drop solution (left axis, black triangle) in sodium molybdate at 700 °C and formation from
the oxides at 25 °C (right axis, blue dot) versus the function of Ta content in Ta-doped LLZO. Experimental
uncertainties are indicated.
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Figure 6-10. Comprehensive comparison among the doping levels, the structural change (unit cell volume) (dots), and
the formation enthalpy from component binary oxides (triangles).

6.4

Conclusion

In this chapter, both Ga and Ta-doped LLZO with a wide range of doping levels from 0 to 1 was
synthesized and characterized, aiming to find the relation between composition-structure-thermodynamic
relation for these garnet-type LLZOs. The powders of Ga-doped and Ta-doped LLZO were synthesized
with the conventional solid-state method successfully, and single-phase powders were verified by powder
x-ray diffraction. The compositions of these powders were determined in ICP-MS measurement, which
was used to calculate the enthalpies of formation from binary oxides. High-temperature drop solution
calorimetry was performed for both Ga-doped and Ta-doped LLZOs to determine the enthalpy of
formation by converting the measured drop-solution enthalpies.
It has shown that the total ionic conductivities of Ga-doped LLZO or Ta-doped LLZO powders are
generally governed by the co-effects of the content of Li content, Li vacancies, and the distortion of the
crystal lattices. The crystal lattice distortion was generally due to the mismatch between the dopants and
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doping sites for the sample at the same level of relative densities. The thermodynamic processes involving
the formation of Li vacancies, the exchange between dopant and doping sites, the distortion of the crystal
lattice finally determine the enthalpies of formation from binary oxides. The stabilities of the sample
decreased with increased doping levels of xGa or xTa, indicating a more active state will be achieved by
adding these dopants. However, a more active state is not straightforwardly correlated to the conducting
behavior. A certain level of Li content and Li vacancies value are required to optimized conductivity.
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CHAPTER 7. ENGINEERED SINTERING PROCESS OF GARNET-TYPE TA-DOPED LLZO WITH
SINTERING AIDS
7.1

Introductions

In previous chapters, the optimized composition of Ta-doped LLZO was explored in different levels of
dopant concentration with a combination of thermodynamic stability, electronic and ionic conductivity,
and synthesis route exploration. Generally, Ga-doped LLZO holds a higher relative density and larger
grains than that of Ta-doped LLZO. The increase in relative density and grain size might be due to
defects in LLZO by introducing more point defects such as Li vacancies and oxygen vacancies60. In
addition, extra Ga may form some low-melting-point phase to provide a liquid phase around the grain
boundaries of LLZO, such as LiGaO2 100,130,131. However, Ga in the Li-24 sites does not enhance the
transport Li due to its “blocking effects” 68,132–135,71,136 by progressively reducing the connectivity
pathway68,137. Since Ta is only substituted at the Zr site, there is no such “blocking effect” in Tasubstituted LLZO. However, pores are observed in the sintered LLTO pellets even the sintering
temperature reaches as high as 1150oC. In addition, the relative density of the sintered Ta-doped LLZO
pellets is still relatively low (~88%), which is expected to be higher for electrolytes in battery
applications.
The sintering or densification process compacts the pellet and forms a solid piece of material by heating
the sample at a temperature generally 200-300oC138 below the melting point. In the sintering process, the
material diffused across the particle boundaries, bonding the grains together and forming a thick solid
piece. The atomic diffusion drives powder surface elimination in different sintering stages. The driving
force for densification is the change in free energy from the decrease in surface area and lower surface
free energy by replacing solid-vapor interfaces [1]. It leads to the formation of lower-energy solid-solid
interfaces with a total reduction of free energy occurrence.
The densification process determines the efficient ion pathway in the material in pellet form or thin-film
form. During the sintering period, some physical instead of chemical properties of the material may be
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enhanced, such as mechanical strength, ionic and electrical conductivity, thermal conductivity, and
transparency due to the reduction of porosity 139. The microstructure can be improved by changing the
sintering process of LLZO, which is beneficial to the Li ionic conducting behavior of this material. This
chapter examines the microstructure of LLZO pellets with electrochemical perspectives with the
engineered sintering process.
[Conventional sintering vs. SSRS]
Conventional sintering refers to the simplest form in sintering technology to densify material in box
muffle furnaces or tube furnaces. Generally, no extra techniques such as pressure 140, electrical field 141,
spark plasma142–146 are applied during the sintering process. It only involves heating powder compact after
prepared ambient temperature. The as-synthesized powders were verified with phase composition in
powder X-ray, firstly before the sintering process. In the sintering process, no chemical changes of the
pellets will be expected. Only changes in physical properties in high temperature include morphology
enhancement, porosity reduction, and relative density enhancement.
For the case of this garnet-type LLZO, the effluence on phase composition from temperature is quite
essential since the Li content is easy to evaporate from LLZO powder in the form of Li2O 35. The relative
density of the bulk material decreased with the evaporation of Li2O when the pellets were sintered at a
very high temperature 147.
Pursuing lowering sintering conditions and enhancing the morphology is the main target in sintering
garnet-type LLZO pellets. An alternative sintering technique called the solid-state reactive sintering
(SSRS) method was applied to enhance LLZO pellets' morphology at a lower sintering temperature. The
big difference between the conventional sintering approach and the solid-state reactive sintering approach
is the source of material used in the sintering stage. In conventional sintering, as-synthesized powders
confirmed with pure phase composition are used in the sintering process directly. In other words, the
sintering process started with the pure phase LLZO in this case. For SSRS, a thoroughly mixed bunch of
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raw reactants, including LiOH, La2O3, ZrO2, are used directly. In the SSRS route, the chemical reaction of
phase formation and the sintering steps will be finished in just one treatment, which should be a more
time- and energy-effective route.
[Sintering additives work reviews]
A big concern in sintering this garnet-type material is the trade-off between the high temperature required
for densifying the material and the loss of Li at such a high sintering temperature (>1150oC). The
evaporation and loss of Li become evident above 900°C
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, assisting ion migration during sintering by

sintering additives, and reducing the sintering duration over 900°C is expected to enhance the sinterability
of the garnet-type LLZO. For this garnet-type LLZO, six kinds of sintering additives working by different
mechanisms have been reported below.
Previously reported Li2O could play as a sintering agent for densifying the garnet-type LLZO. A
glass-liquid-solid sintering mechanism was proposed to promote mass transportation if a high Li2O pressure
was artificially created in the sealed environment densifying these garnets in the crucible
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. Generally,

extra Li2CO3 (10% to 30%) 147,149,150 was added in the initial stage of LLZO power synthesis and sintering
stage to compensate for the loss of Li at high temperatures. The decomposition of Li2CO3 provides a high
Li2O(g) atmosphere, and the Li2O(g) atmosphere condenses to the liquid phase at the surface of Ta-doped
LLZO grain, which enhances the densification and grain growth. For most cases, the Al crucible was used
for calcination and sintering of these garnet samples. The permeated Li2O will facilitate some eutectic phase
or even liquid phases37,151,152, such as LiAlO2 and Li5AlO4 located primarily in the grain boundaries. These
low-melting-point intermediate phases are also treated as a sintering aid in garnet-type LLZO to help
density the sample, such as Li6.4La3Zr1.4Ta0.6O12 153. The Al possibly came from the Al crucible, which was
supposed to permeate the Ta-LLZO sample via direct contact with Al crucible7 or Al vapor from the Al
crucibles at such high temperatures154.
Some amorphous sintering additives, such as Li3BO3 or Li4SiO4, works as a non-reactive liquid medium
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leading to liquid-phase sintering

. The remained Li3BO3 does not block the Li-ion conduction,

148,155–157

although its conductivity (≈10-6 to 10-4 S·cm-1 148,155,158–160) is lower than that of LLZO. Jonson et al. have
presented that 1-2 wt%Li3BO3-mixed Li7La3Zr1.75Nb0.25O12 sintered in Ar at 1000°C for six hours shows
relatively high ionic conductivity of 2-3x10-4 S·cm-1 although its relative density is not shown in the paper
. The sintering aid of Li4SiO4 works most likely by accumulating impurity phases at grain boundaries
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during sintering 159,161–163. Ta162, Al159, and Ta/Al161 co-doped LLZO mixed with five wt% Li4SiO4 show the
relative density in the range of 84-94% after the sintering at 1200°C for 24 h. Li6.4La3Zr1.4Ta0.6O12-Li4SiO4
(one wt%) with a relative density of 94% reached a conductivity of 3.7x10-4 S·cm-1 (at 33°C).
The other type of sintering aid studied by researchers is La2Zr2O7 (LZO) 59, which is the most
common secondary phase in the calcination and sintering process garnet-type LLZO. The addition of LZO
acts as the sintering aid to help enhance the relative density of LLZTO from 77% up to 90%, which was
comparable to that of pure LLZTO sintered at 1200oC. The glass-like phase, supposed to be cubic
Li7La3Zr2O12 and Li2ZrO3, observed at the grain boundaries in the LLZTO-LZO ceramics, indicated that
LZO could promote the formation of glass-like phase biding LLZTO grains closer, thus leads the mass
transferring process in the sintering additives.
The sintering additive of MgO works by pinning extraordinal grain growth. Huang et al. have
reported that the growth of Ta-doped LLZO grains could be controlled to be ≈5 µm when MgO content is
higher than four wt%164165. 10-nm-size MgO exists at grain boundary triple junctions of the Ta-doped LLZO
at the initial and intermediate stages of the sintering process, resulting in tight intergrain bonding.
Zhang and Sun have recently found that CuO can be a new class of sintering additives166. They
mixed five wt%CuO with a single-phase W-doped LLZO and prepared 97.6% densified pellets by sintering
at relatively low temperatures (1120 oC) for short hours (6 h). Their proposed working mechanism of the
CuO sintering additive is that CuO (melting point 1026 °C) becomes a liquid phase during sintering and
fills the grain boundary.
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Based on the reviewing from different paperwork of sintering additives study, three general
mechanisms that sintering additives work on the sintering process of the host material can be summarized
as:
1. The dopant such as Ga and Al could play as a sintering agent in the LLZO sintering process by
forming some glass-like phases such as Li2GaO2, LiAlO2.
2. Nano-sized impurities in the grain boundaries of the host material. Eg. The nano-sized MgO
working in Ta-doped LLZO is under such a mechanism, which helps inhibit the abnormal growth
of the Ta-LLZO grains and fulfill triangle holes among the grain boundaries.
3. Glass-like phase formed in the sintering process, which works as a sintering glue biding the host
grains together and accelerate the mass transport process during sintering. Many of the sintering
additives enhance the target host via this mechanism, such as Li3BO3, Li4SiO4, La2Zr2O7 used in
garnet-type LLZO.
4. During the sintering process, the intermediate phase is formed during the sintering process, which
helps the ion and mass transport during such a sintering process. Then this intermediate phase
will be decomposed and merged into the host material later when the sintering temperature
continually increased, e.g., NiO used in NiO-modified BZY perovskite as the sintering additive
by forming an intermediate phase BaY2NiO5 at 1350oC167.
In this chapter, several different oxides, including NiO, MgO, CaO, TiO2, and CuO, were added as
sintering additives, aiming to help lower the required temperature. 0.5 mol% Ta-doped LLZO
(Li5.5La3Zr1.5Ta0.5O12) is used in this study because Ta can stabilize the cubic phase without blocking Li
conduction paths, unlike Al and Ga dopants [32, 33]. Detailed studies on the sintering behavior of NiO and
CuO in conventional multistep fabrication process (several-step calculation plus sintering treatment at high
temperature) and solid-state reactive sintering (SSRS) method were conducted, which helps to understand
the mechanism of these sintering additives in the densification process of the garnet-type LLZTO.
The effect of NiO on sintering of this garnet-type LLZO has not been previously reported in the
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published literature, which is the first time studied in this thesis work. The detailed conventional multistep
fabrication process of NiO was reported and discussed, aiming to enhance the densification and morphology
of LLZTO-NiO ceramics via a similar mechanism as what MgO [24] works for LLZTO. Alternatively,
some intermediate phases formed related to NiO, which play as some “glue effect” binding the host LLZTO
grains together and facilitating the mass transfer process during the sintering step at some intermediate
temperatures between 1050oC to 1200oC.
In this chapter, a further investigation was conducted on the morphology and ionic conductivity of
optimized composition Li6.5La3Zr1.5Ta0.5O12 (0.5Ta-LLZO) with various types of sintering additives. The
influence of several types of sintering additives (NiO, MgO, CaO, CuO) on the sintering process will be
discussed, aiming to help understand the process of the densification process of Ta-doped LLZO via both
conventional sintering (CS) and solid-state reactive sintering (SSRS) routes.
The effect of CuO on the sintering of LLZO has to be studied in more detail because its working mechanism
proposed by Zhang and Sun168is different from that in the sintering of electrolyte materials (e.g., perovskitetype BaZrO3-BaCeO3 solid-solution) of ceramic fuel cells

. In the case of LLZO, CuO exists as
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amorphous at the grain boundary and enables liquid-phase sintering; contrary, in BaZrO3-BaCeO3 solid
solution, CuO dissolves into the perovskite-type lattice 172. This difference may be owing to the sintering
process: a conventional multistep firing and an is one-step solid-state reactive sintering process. Hence, in
this chapter, the effect of CuO on the sintering behavior of LLZO will be shown, and the mechanism of
CuO via both CS and SSRS paths will be detailedly discussed. The sintering behavior of the SSRS-derived
Ta-doped LLZO mixed with various amounts of CuO is shown, and a potential working mechanism of the
CuO sintering additive is proposed. An optimized CuO content in electrochemical properties, including
ionic conductivity, electronic conductivity, and open circuit cycling, is reported.
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7.2

Experimental Procedure and Methodology

0, 1, and 5 wt% MO(M = Ni, Cu)-mixed LLZTO were synthesized by both conventional sintering (CS)
and a solid-state reactive sintering (SSRS) method using the following raw materials: LiOH (98%, SigmaAldrich®), La2O3 (99.99%, Acros Organics®), ZrO2 (99%, Sigma-Aldrich®), Ta2O5 (99.99%, Inframat®),
CuO (99.9%, Sigma-Aldrich®), NiO (99.9%, Sigma-Aldrich®), MgO (99.9%, Sigma-Aldrich®), CuO
(99.9%, Sigma-Aldrich®). The weight percent of sintering additive oxides is given respecting the total
weight of the green LLZTO powder and sintering additives MO (M = Ni, Cu). The mixture was mixed
for 48 h in a 300 mL high-density polyethylene bottle; then, they were dried using infrared light for
approximately ten hours. Green MO-mixed LLZTO pellets with 15 mm diameter and 1 mm thickness
were prepared by dry pressing the dried powder at 400 MPa for 2 min. These pellets were then sintered
under 1050oC, 1100oC, 1150oC, and 1200oC for 10-30 h with a heating/cooling ramp of 5 °C·min-1.
The phases present, density, morphology, and electrochemical properties were investigated for the MOmixed LLZTO. The phases present was analyzed by an X-ray diffractometry (XRD, Rigaku® Ultima IV
diffractometer, JAPAN) and Raman (HORIBA® LabRAM HR Evaluation). XRD was conducted in the
two-theta range of 10 to 70 degrees with a step size of 0.1 degrees. An abundance ratio of the phases
confirmed by the XRD was clarified by Rietveld refinement. The density was measured with
Archimedes’ method by using 99% pure acetone. The morphology was studied using a Cold Field
Emission Scanning Electron Microscope (SEM, Hitachi® S4800), having an energy-dispersive X-ray
spectrometer (EDS). Since the energy of Cu-Ka (8.040 KeV) is close to Ta-La (8.145 KeV), a low
accelerating voltage of 5 KeV was applied. For the electrochemical measurement, and electrochemical
impedance spectroscopy (EIS) was conducted in a temperature range of 25oC to 100oC and a frequency
range of 0.1 Hz to 5 MHz with applying ten mV AC amplitude. A silver paste (Heraenus®) was printed
on both sides of the selected sintered pure/MO-mixed(M = Ta, Cu) LLZTO pellets and heated at 700oC
for 30 min.
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La4LiNiO8 intermediate phase formed at 1150oC pellets then disappeared at 1200oC. However, this would
be a disadvantage of the NiO usage since this intermediate phase is formed where the temperature is still
high. A small amount of Al was found in the EDX mapping data, which comes from the Al crucible.
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Figure 7-1. XRD patterns of LLZTO-NiO powders calcined under different sintering conditions from 1050 oC to
1200oC. The cubic garnet LLZO is labeled as black dots, and the La 4LiNiO8 phase is labeled as black diamonds. The
figure was reproduced with permission from Changlong Li et al. 27
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supposed to help the mass transport during the sintering process, which leads to the enhancement of the
density and conductivity of LLZTO. This study may indicate that the existence of a secondary pyrochlore
phase may help the sintering process of the garnet-LLZO; however, La2Zr2O7 itself is not an ideal choice
of sintering additives for this garnet-type LLZO due to the lack of Li content and Li vacancy in the crystal
lattice of La2Zr2O7.
Table 7-1. Density and sintering conditions with and without sintering additives comparison.
Samples

Sintering condition

Density
(g/cm3)

Relative density %

∆D/D

LLZTO without NiO

1150℃ 5h

3.326

88.00 %

NA

LLZTO with 5wt% NiO

1050℃ 5h

3.976

77.97 %

-3.85%

LLZTO with 5wt% NiO

1100℃ 5h

4.659

91.36 %

-8.85%

LLZTO with 5wt% NiO

1150℃ 5h

4.807

92.26 %

-5.92%

LLZTO with 5wt% NiO

1200℃ 5h

3.528

94.26%

NA
(cracked)

The microstructure of sintered pellets with increased levels of NiO (0wt% to 5wt%) in LLZTO pellets
sintered at 1150oC for 5 hours is shown in Figure 7-4. As can be observed, the addition of NiO helps the
mass transporting process in LLZTO, which furtherly boosts the grain growth at the same sintering
condition. Shape each grain changes from individual unconnected round spheres to a connected
polyhedron, then gradually reducing pores in the grain boundaries regions from 0wt% to 5wt% NiO.
Further exploration of the sintering condition will be conducted for LLZTO with five wt% NiO.
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Figure 7-5. XRD patterns of the 0, 1, and LLZTO-CuO (5 wt%) ceramic pellets sintered at 1050oC to 1100oC. The
figure was reproduced with permission from Changlong Li et al . 27

Cross-sectional SEM images of the pure and LLZTO-CuO ceramics pellets sintered at 1100oC for 20 h via
the conventional multistep (calcination and sintering)/SSRS paths are shown in Figure 7-6. Comparing the
morphology of the four LLZTO-CuO ceramics mentioned previously, combine the advantage of CuO, and
applying the SSRS methods will boost the densification of the LLZTO pellets as expected. For the pure
LLZTO pellet sintered via the SSRS (Figure 7-6(a)), pores are obviously shown in the material, and the
grains are sparsely isolated; meanwhile, the grains are relatively connected for that sintered via the
conventional multistep processing (Figure 7-6 (b)). The intergrain bonding is further accelerated by the
CuO addition, as shown in Figure 7-6 (c) and Figure 7-6(d). The morphological difference between the
LLZTO mixed with 1 and 5 wt%CuO is negligible, suggesting that only the tiny amount (1 wt% in this
case) of CuO is required to accelerate the intergrain bonding. Besides, an enrichment in Cu was confirmed
at the intergrain regions, as shown in Figure 7-6 (e). This enhancement implies that the intergrain bonding
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Figure 7-7. The relative density of the pure and LLZTO-CuO ceramics pellets via the SSRS route and the conventional
multiple-step route. Referenced related work with Li3BO342,173, La2Zr2O7 59, Li4SiO4161, CuO168, MgO174, and NiO(this
work). The figure was reproduced with permission from Changlong Li et al . 27

As expected, the oxides such as NiO and CuO would form some intermediate phases in the calcination
and sintering steps. For LLZTO-NiO ceramics, the expected intermediate phase, however, was only found
at 1150oC. This high sintering temperature was not as expected to lower the sintering temperature for
LLZTO efficiently. A phase evolution behavior of the 1wt%LLZTO-CuO pellet was analyzed by XRD
and Raman spectroscopy to investigate the mechanism on the sintering behavior of the LLZTO pellets by
the CuO addition. The XRD patterns of the LLZTO-CuO calcined at 700oC, 800oC, 900oC, and 1000oC
are shown in Figure 7-8(a). A formation of a K2NiF4-type La2Cu0.5Li0.5O4 phase is confirmed at 700oC
and 800oC, and this phase disappears at higher temperatures above 900oC. This assessment of the phase
evolution is inconsistent with the Raman spectra shown in Figure 7-8(b). The main Raman peaks (109.97
cm-1 , 118.09 cm-1, 239.38 cm-1, 369.02 cm-1, 634.87 cm-1, 731.16 cm-1) match with the reported peaks of
the cubic-phase garnet-type LLZO 175,176. The Raman peaks at 634.87 cm-1 and 737.16 cm-1 are attributed
to vibrations of 1 Zr-O8 and Ta-O8, respectively. In addition to these peaks, at 700 oC and 800 oC, extra
Raman peaks at 151.342 cm-1, 188.552 cm-1, 575.241 cm-1 and 606.6 cm-1 are confirmed. They are
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The potential sintering mechanism of the LLZTO-CuO ceramics via the SSRS route can be proposed, as
shown in Figure 7-9 and Figure 7-10. Although LiOH does not turn to oxide up to 1000°C177, LiOH in the
green LLZTO mixture can become the oxide at a lower temperature (680°C 178) under the Gibbs free energy
for the formation of the garnet-type LLZTO phase (Ggarnet). By adding the CuO into the green LLZTO
mixture, the oxidation temperature is further reduced by the formation energy of the K 2NiF4-type
La2Cu0.5Li0.5O4 phase (GK2NiF4). The preferential formation of the La2Cu0.5Li0.5O4 phase in the early stage
of the sintering can be seen in Figure 7-8(a). This La2Cu0.5Li0.5O4 phase denotes that the temperature for the
formation of LLZTO is reduced by adding CuO. Around 900°C, the La2Cu0.5Li0.5O4 phase is decomposed,
and La3+ and Li+ are incorporated into LLZTO, whereas Cu2+ forms molten CuO. Although the melting
point of CuO is 1326°C, it can be molten even at this temperature range when it exists with Li +

. The

179

CuO-based phase melts and fills the grain boundaries and accelerates the ion migration of the sintering
process reported by Zhang and Sun166. It is considered that CuO works as the sintering additive by the
promotion of phase formation and ion migration. These processes can be shed light in more depth by

Gibbs free energy, G

analyzing thermodynamic parameters of the LLZTO and La2Cu0.5Li0.5O4 phases using calorimeters.
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Figure 7-9. Estimated relation of the Gibbs free energies for the LLZTO-CuO ceramics system. Reprinted with
permission from Changlong Li et al.27
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difference agrees with the well-known tendency among solid-state ionic conductors that the bulk is more
conductive than the grain boundary130. Arrhenius plots of (c) the grain boundary and (d) the total
conductivities for the LLZTO pellets are shown in Figure 7-11. It can be observed that 1wt%LLZTOCuO holds higher grain boundary conductivity than that of 5wt% CuO. The secondary of Li3CuO4 and
La2Zr2O7 phases may hinder the ion transporting across the grain boundaries. However, since the
reduction of grain boundaries in the 1wt% CuO-LLZO sample, the grain boundary conductivity is higher
than that in the bulk material. For the pure LLZTO pellets, the sintering via the conventional multistep
route resulted in higher conductivity than via the SSRS route, presumably that the conventional multistep
sintering leads to more Li loss formation of the Li vacancies. For the SSRS-derived LLZTO pellets, the
addition of 1 wt%CuO resulted in the highest conductivity due to that it accelerated the intergrain bonding
and densification. However, the addition of 5 wt%CuO results in lower conductivity than that of 1
wt%CuO. Besides, the one wt%LLZTO-CuO ceramics pellet shows higher bulk conductivity than the
1wt%CuO-mixed LLZWO pellet reported by Zhang and Sun 180. This enhancement in ionic conductivity
is by the contribution of either or both of 1) Ta doping substituting the Zr sites rather than W doping
substituting the Li sites of the LLZO, and 2) applying SSRS method as an alternation of the conventional
multistep sintering method. This sample pellet show lower total ionic conductivity than 0.6Ta-LLZO1wt% Li4SiO4 samples might be due to the higher relative density of the latter samples (~94%). The
sintering and fabrication conditions of these SSRS-derived LLZTO samples are much friendly than the
Li4SiO4 added 0.6Ta-LLZO pellets.
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the theoretical voltage between Li2CoO2/Li(4.2V) due to the mass transfer process in the interfacial regions
between the electrolyte and electrodes.

Figure 7-12. OCV of the Li|pure or LLZTO-1wt%CuO ceramics|LiCoO2 cells at room temperature. The figure was
reproduced with permission from Changlong Li et al . 27
Table 7-3. Temperature-dependent AC and DC conductivities of the 1wt% LLZTO-CuO ceramics pellet sintered at
1100°C and its transference numbers.
Temperatur
e (oC)

AC bulk
conductivity
(S·cm-1)

AC grain
boundary
conductivity
(S·cm-1)

AC total
conductivity (S·cm1)

DC conductivity
(S·cm-1)

Li+ transference
number

25

1.40 x10-4

4.27 x10-4

1.06 x10-4

< 5.70 x10-6

1.00

50

4.46 x10-3

1.93 x10-3

3.62 x10-4

< 5.70 x10-6

1.00

100

2.81 x10-3

2.30 x10-2

2.51 x10-3

< 5.70 x10-6

1.00

150

1.29 x10-2

NA

1.29 x10-2

7.47 x10-5

0.994

200

x10-2

NA

x10-2

x10-4

0.993

3.16

3.16

2.36

Table 7-4 summarized the comparisons among the SSRS-derived LLZTO-CuO ceramics and reported
LLZO derivatives fired with the sintering additives in terms of the sintering process, relative density, and
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bulk Li+ conductivity. The SSRS-derived LLZTO-CuO ceramics shows a good density of 90% and good
conductivity in the order of 10-4 even though it was made with the conventional raw ceramic powders and
fired only at once at the mild temperature of 1100°C. The improvement in both relative density and
conductivity is likely by the contribution of 1) the SSRS process, which reduces the total heating duration
over 900°C and therefore reduces the Li sublimation compared to the conventional sintering process, and
2) the CuO sintering additive, which presumably facilitates both the phase formation and the densification.
Since the SSRS process is a one-step process that can be carried out without particular apparatuses and
CuO is an abundant raw material, applying the SSRS process and adding CuO would be a good practice
technique to prepare the LLZO-based electrolyte for the all-solid-state lithium-ion batteries.
Table 7-4. Relative density and conductivity of the garnet-type LLZO-based materials sintered with the sintering
additives (CS: conventional sintering, BP: bed powder).
Nominal composition

Sintering
additives

Methods

Temperature &
duration

Relative
density

Total conductivity
(S·cm-1)

Li6.5La3Zr1.5Ta0.5O12
Li7La3Zr2O12
Al-doped Li7La3Zr2O12
Li7La3Zr2O12
Li7La3Zr1.75Nb0.25O12
Li6.4La3Zr1.4Ta0.6O12
Li6.4La3Zr1.4Ta0.6O12
Li6.3La3Zr1.4W0.35O12
Li6.5La3Zr1.5Ta0.5O12
Li6.5La3Zr1.5Ta0.5O12

Li2CO3
Li3BO3
Li3BO3
Li3BO3
Li3BO3
Li4SiO4
MgO, BP*
CuO
CuO
NiO

CS
Sol-gel
Sol-gel
CS
CS
CS
CS
CS
SSRS
CS

1140°C 16 h
900°C 36 h
900°C 5 h
1100°C 8 h
1000°C 6 h
1200°C 24h
1180°C 5 h
1120°C 6 h
1100°C 20 h
1100°C 5 h

88%
58%
NA
77%
91.8%
94%
98%
97.6%
90.38%
91.36%

4 x10-4
1.6 x10-6
1.9 x10-5
1.61 x10-5 (28°C)
2.5 x10-4
3.7 x10-4 (33 °C)
5 x10-4
1.88 x10-4
1.06 x10-4 (25oC)
7.97 x10-5 (25oC)

*BP: bed powder
7.4

Total
conduct
ivity

References
181
157
158
156
148
162
164
166

This work
This work

Conclusion

In this sintering behavior chapter, oxides NiO and CuO were proposed as sintering additives, added
Li6.5La3Zr1.5Ta0.5O12(LLZTO) forming sintering additive added ceramics. The phase composition,
structure, element distribution, and electrochemical properties were further explored for better application
purposes. This garnet-type LLZTO benefited from sintering additives of NiO and CuO. The mechanism
of the function of such oxides was investigated and proposed as an intermediate phase that may play as
the “mass transport center” to help the mass transport of LLZTO in the sintering process. Both NiO and
CuO show some benefits in the LLZTO sintering process. In LLZTO-NiO ceramics, a Ni-related
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perovskite Ruddlesden-Popper (RP) phases La4LiNiO8 phase shown above 1150oC, which could be
attributed to facilitating of mass transport in the LLZTO sintering process. However, such a high
temperature is not enough for lowering the sintering condition of LLZTO as much as expected. In
LLZTO-CuO, a K2NiF4-type La2Cu0.5Li0.5O4 intermediate phase formed under the lower temperature
range between 700oC and 800oC is supposed to play as the “mass transporting engine” in the LLZTO
sintering process.
The SSRS-derived LLZTO-CuO pellets show some more advantages in sintering LLZTO at a relatively
lower temperature (1100oC) and a short sintering duration. NiO-LLZTO pellets were also conducted,
reached a similar level of relative density and total conductivity as LLZTO-CuO ceramics. However, the
combination of sintering additives and the SSRS fabrication route holds an advantage over NiO in the
energy aspect.
The study also showed that the SSRS process and adding CuO is beneficial to prepare dense LLZTO
electrolytes. Applying the SSRS process and adding 1wt%CuO could lower the sintering temperature for
the LLZTO pellets with a relative density of over 90% from 1250°C to 1100°C. Whereas five wt%CuO
addition resulted in the evolution of the Copper-related secondary phase, 1wt%CuO addition resulted in
no secondary phases at the XRD level and no electronic conduction below 100°C. The 1wt%LLZTOCuO ceramics pellet exhibited a total conductivity of 1.06x10-4 S/cm at room temperature(25oC). Judging
from the formation of the K2NiF4-type La2Cu0.5Li0.5O4 intermediate phase in the heating-up process, CuO
works as the sintering additive, presumably not only by enabling liquid-phase sintering but also by
promoting the decomposition of LiOH. Applying the SSRS process and adding CuO would be a good
practice technique to prepare the LLZO-based electrolyte for the all-solid-state lithium-ion batteries.
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CHAPTER 8. DISCUSSION AND SUGGESTED FUTURE WORK
The vulnerability of Li content is still the critical part that needs to be focused on since it impacts both the
composition and structural evolution of the garnets. The composition and structural evolution are the
fundamentals, which determine all the other physical and chemical properties of these garnet materials. In
this dissertation work, dopants have been applied in Li sites (Ga3+) and Zr sites (Ta5+). The composition
with varying doping levels for both Ga and Ta were explored, and related properties such as
thermodynamic stability changes, sintering behaviors, total conductivity, including ionic conductivity and
electrical conductivity, were explored. Based on these series researched in the dissertation work, some
other related aspects of these garnet-type LLZOs would be suggested to promote the further
understanding of this group ionic conducting ceramics:
▪

Prevent the vulnerability of Li content and control the Li content accurately by other more
accurate synthesis methods such as the solution method. However, the solubility of Li content is
still not well-known yet. It would be attractive to exploring more bottom and up the limitation of
the solubility of Li content in the lattice and its related properties.

▪

The mechanism of the formation of pyrochlore phase La2Zr2O7 in this system is still unclear.
These secondary phases were so easily formed that even rigorous protection was used to protect
the Li loss. The real reason for the formation of La2Zr2O7 in the garnet synthesis process is not
well known neither. A common saying is that they formed due to the lack of Li. However, in our
ICP-MS, we have found that the extra Li added to convert these pyrochlore phases was still much
higher than our expectation. LLZO may prefer to lock these Li by forming these Li-rich garnets.
These La2Zr2O7 phases can only be converted to LLZO by adding extra Li resources (Li2CO3). It
is interesting to investigate the phase formation process in the entire process with techniques such
as In-situ XRD even neutron studies.

▪

The oxygen defects and the correlation between the Li vacancies and oxygen point defects are
required further exploration. From our ICP-MS data, we can calculate the oxygen contents by
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using the charge neutrality between the cation ratios and oxygen content. However, it is even
inevitable to find excessive oxygen content or oxygen defects in the formula. That means the
solubility of Li content is changed too, leading to the oxygen content varied. It is beneficial to
understand the formation of such Li defects and oxygen defects in experimental thermodynamics
too.
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CHAPTER 9. CONCLUSIONS
•

Both Ga-doped in Li tetrahedral sites and Ta-doped in Zr octahedral sites lead to the tetragonal-cubic
phase transition and shrinkage of the unit cell of garnet-type LLZOs experimental measurements.
This tetragonal-cubic phase transition and formation of Li vacancy are the main factors leading to
the changes of physical and chemical properties.

•

Both Ga and Ta show ~ 2 magnitudes higher ionic conductivity than electronic conductivity on a
broader temperature range from 25oC to 600oC, suggesting these garnets are pure ionic conductivity
in the whole temperature range.

•

Ga-doped LLZO shows better morphology and relative density than that of Ta, possibly due to the
formation of La2Zr2O7 and double levels of Li vacancy concentration.

•

Both Ga and Ta can improve the ionic conductivities of these garnet-type LLZO by creating the
proper amount of Li vacancies. The optimized Li content is located in a range of 5.5-6.5 p.u.f. with a
high Li ionic conductivity.

•

The “static” models of garnets were built based on Coulomb energy analysis in the supercell
program and total energy analysis in DFT, finding the basic cubic structure of LLZO. In general, the
lower Coulomb energy structures correspond to the more stable structures (lower total energy) with
the same composition.

•

Both thermodynamic changes associated with the formation of point defects and structural changes
of the crystal lattice impact the overall formation enthalpies of Ga-doped and Ta-doped LLZO.

•

The trend of enthalpy of formation from binary oxides almost linearly increased with an increased
doping level of xGa, which has been verified in both DFT modeling and experimental measurement.

•

Higher Li content (lower doping levels of dopants) contained garnets hold higher chemical stability
due to less endothermic process required such as the formation of Li vacancies, mismatch of the
dopants and doping sites, and Li vacancy clustering.

125

•

CuO helps enhance the morphology of LLZTO pellets as the sintering aid with a solid-state reactive
sintering method. The mechanism of sintering aid in the LLZTO sintering process is by forming an
intermediate phase, which lowers the sintering condition to 1100oC and shortens the total fabricating
time to 20hours with 90% relative densities.
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